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ABSTRACT

This report summarizes the factors which must be considered in the design

and operation of catalytic monopropellant-hydrazine reaction chambers. The

influences of feed-system arrangement, ignition, injection, and catalyst-bed

geometry on the performance of reaction chambers are described. The perform-

ances of two catalysts are discussed: one containing iron, nickel, and cobalt

on fused (inactive) alumina particles (type H-7), and the other containing iron,

nickel, and cobalt on compressed (active) alumina pellets (type H-A-3). The

effects of chamber pressure and hydrazine feed rate on the performance of these

catalysts are evaluated. Relationships for estimating the volumes of the

catalysts required to decompose hydrazine completely and to dissociate Various

fractions of the amonia formed in the decomposition of hydrazine are derived.

Equations for determining the pressure drop across catalyst beds have also been

derived. The explosion hazards associated with the use of hydrazine decompo-

sition gases to pressurize the oxidizer (RFNA) tank of the Corporal flight

vehicle are described.

I. INTRODUCTION

During the past 4 years, the Jet Propulsion Laboratory has been engaged in programs directed toward

the development of monopropellant-hydrazine, gas-generating systems for two principal applicatJons: () to

pressurise the propellant-storage tanks of the Corporal flight vehicle and (2) to drive gas turbines in both

the electrical power-supply and the hydraulic control systems of rocket vehicles. The specific details of

these two programs will be discussed in separate reports. The purpose of this report is to sumarize the

experience gained in these programs as related to the design and operation of catalytic monopropellant-

hydrazine reaction chambers. This information should be useful in connection with applications other than

those investigated at this Laboratory.

When hydrazine is decomposed adiebatically, a large volume of low-molecular-weight gazes consisting of

sonia, nitrogen, and hydrogen is evolved at moderate temperatures. Because of the heat released and the

large volume of gases evolved relative to the volume of the liquid (sp gr of liquid hydrazine is approx 1.01

at 8OF), hydrazine may be used rs a monopropellant and gas-generating fluid in applications where low weight

and small volume are required and/or in which it is necessary to limit the temperature for mechanical or

other reasons. Among the applications for which monopropellant hydrazine appears to be well suited are the

following:

1. As a source of thrust in rocket propulsion systems.

< CONFIDENTIAL Page 1
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2. As a source of energy to drive g turbines in the power-supply and propellant-transfer

systems of rocket vehicles.

3. As a source of gases for the pressurization of the fuel-storage tanks of rocket vehicles.

4. As a source of energy in jet-engine ignition systems.

5. As a source of gases for use in catapults and similar high-pressure displacement systems.

6. As a compact and convenient source of high-pressure gases for use in the field with a number

of different types of military equipment.

II. THERMOCHEMISTRY

A. CONCENTRATED HYfDRAZINE

Hydrazine is thermochemically unstable; hence under suitable conditions it undergoes exothermic decompo-

sition, forming ammonia, nitrogen, and hydrogen. This thermal decomposition of hydrazine at low temperatures

apparently proceeds in a stepwise manner (Cf. Ref. 1), which may be represented by two consecutive equations,

as follows:

3N2H4 = 4NH3 + N2 + 144,300 Btu a  (1)

4NH 3 = 2N2 + 6H2 - 79,200 Btu (2)

The reaction represented by Equation (2) is generally slower than the reaction represented by Equation (1);

hence, in practical systems where the reaction time is limited by considerations of weight and space, only

peart of the ammonia can be dissociated.

In certain systems, such as flames maintained by the decomposition of pure hydrazine vapor, the reaction

products for 2 moles of decomposed hydrazine are 2NH 3 + N2 + H2 (Cf. Refs. 5, 6, and 7), whereas, when hydrazine

in dilute aqueous solutions is decomposed on metal surfaces (e.g., Raney nickel) at room temperature (Cf. Ref. 8),

the products of reaction are predominately H2 and N2 , with .nly traces of ammonia. Because of the variation

of the hydrazine decomposition reaction with catalysts and temperature, it is difficult to specify the exact

stoichiometry in any given system. For this reason, Equations (1) and (2) have been combined to give the

following expression, where X represents the fraction of the amonia which is dissociated:

3N2H4 = 4(I-X)NH3 + (1 + 2X)N 2 + 6XH 2 + (144,300-79,200X)Bta (3)

OThe standard heat of formation of hydrazine is 21,700 Btu/ib mol (Cf. Ref. 2), and that of unaia is
19,800 Btu/lb mol (Cf. Ref. 3). The thermodynamic properties of the gases were taken from Ref. 4.

Page 2 CONFIDENTIAL
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Using Equation (3), the parametersa Mg, Tc, C*, 18p , na, nn, and nH were computed (Cf. Ref. 9). The

variation of these parameters with X is shown in Table II and in Figure 1. From Figure 1 it c3n be seen that

the characteristic velocity C* and the specific impule. Isp are virtually constant until about 50% of the

ammonia has been dissociated. Beyond this point both parameters fall quite rapidly as X increases. Both the

adiabatic reaction temperature Tc and the average molecular weight of the decomposition gases Mg decrease

steadily as X increases.

Most applications of hydrazine involve cooling of the decomposition gases from the adiabatic reaction

temperature Tc to some temperature Te through heat exchange or adiabatic expansion of the gases. To assist

in the calculation of the heat transfer or conversion of enthalpy to kinetic energy involved in such appli-
T c

cations, he parameter HT e has been computed. The variation of this parameter with X and Te is shown in

Table II and in Figure 2. The exhaust temperature Te, obtained through the adibatic expansion of the decompo-

sition gases from a reaction pressure Pc to an exhaust pressure Pe, is plotted in Figure 3 as a function of

X and the pressure ratio Pc/Pe.

The influence of water (generally present as an impurity in commercial concentrated hydrazine) on the

parareters Tc, Mg, C*, and Isp is shownb in Table II.

B. MIXTURES OF HYDRAZINE, HYDRAZINE NITRATE, AND WATER

1. Advantages

The general use of concentrated hydrazine as a monopropellant and as a gas generant is limited by its

high freezing point (34*F). Further, it has not been found practicable with presently developed catalysts

to reduce the ammonia concentration in the decomposition gases of concentrated hydrazine below 15 mol %

(Cf. Section VIII). For this reason, the decomposition gases of concentrated hydrazine cannot be used in

certain applications (Cf. Section IX).

Through the addition of hydrazine nitrate and water to hydrazine, it is possible to produce mixtures

which freeze below -OF (max acceptable freezing point for most military applications) and to reduce the

concentration of ammonia in the gases produced through the use of a given catalyst and reaction time. Thus,

for -unple, using hydrazine which contains 20 wt % nitric acid (present as hydrazine nitrate) and 6 wt %

water, it is possible to produce gases which contain less than 5 aol % ammonia (Cf. Section IX).

2. Preparation

Mixtures of hydrazine and hydrazine nitrate can be conveniently prepared through the addition of ammo-

nium nitrate to concentrated hydrazine (Cf. Ref. 10). Hydrazine nitrate is formed, and the ammonia in excess

of that required to saturate the solution (up to 5 wt % amonia remains in the solution at room temperatures)

aThe nomenclature used in this report is given in Table I.

bThe heat of solution of water in hydrazine was estimated from data given in Ref. 8.
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is evolved, as follows:

N2H4 + NH4NO3 . N 2H5NO3 + NH3  (4)

The ammonia concentration in the solution may be reduced to less than 1 wt % through evacuation. If water

is to be included in the mixture, it should be added after the removal of the emmonia; otherwise, a large

fraction of the ammonia cannot be removed because of its greater solubility in aqueous solutions of hydrazine.

3. Storage and Handling

Although mixtures of hydrazine and hydrazine nitrate are less stable thermally than concentrated hydra-

zinc (Cf. Ref. 1), they may be safely stored and handled at room temperature. The shock sensitivity of such

mixtures, even when a concentration of nitric acid as high as 25 vt % is used, is not greatly different from

that of nitromethane (Cf. Ref. 10).

Experience at this Laboratory indicates that mixtures containing as much as 20 wt $ nitric acid may be

safely stored in aluminum or stainless-steel (type-347) containers for periods as long as 6 months. One

stainless-steel drum of hydrazine containing 20 vt $ nitric acid and 3 wt % water was stored for 9 months,

during which time the ambient temperature varied from a low of about 50OF to a high of about 1050F. Analysis

of the mixture at the end of this period showed only a slight change in composition. The solution has assumed

a pale pink color, which indicated that some corrosion of the container had occurred. A similar mixture was

stored in a type-431 steel bomb for 2 months at 130*F; the maximum pressure developed in the bomb during this

period was about 10 psi. This pressure was attained within a week after the bomb had been heated to 1300F.

Analysis of the mixture at the end of the 2 months indicated no material change in composition. The mixture

contained small concentrations of metals, indicating that some corrosion of the bomb had occurred.

Experience at this Laboratory indicates that the principal precautions which should be taken in the

storage and handling of these mixtures are as follows:

1. Containers which are to be used for the storage of the mixtures should first be freed of all

organic materials and metal exides and then allowed to stand in contact with a dilute solution

of hydrazine for about 24 hours.

2. Containers of the mixtures should not be stored in direct sunlight.

3. Since contact with metal oxides, earth, wood, paper, cloth, and similar materials can cause

the mixtures to inflame, they should be stored in a fireproof structure, and spillage during

transfer from the containers should be carefully avoided.

4. The containers should be capable of withstanding a pressure of at least 25 p'sig and should be

equipped with a burst diaphragm or pressure-relief valve.

5. Containers, pipelines, etc., which have been used with the mixtures should be thoroughly washed

out with water. If small quantities of the mixtures are allowed to evaporate to dryness, a
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residue of hydrazine nitrate iS deposited which is quite sensitive to shock.

6. Contamination of the mixtures with carbon tetrachloride or other organic halides should be

avoided since the presence of these materials greatly accelerates the corrosive action of the

mixtures on stainless steels.

7. The mixtures should be pressurized only with nitrogen, helium, or other inert gases. The vapor

space in tanks, etc., should be pressurized slowly to prevent adiabatic compression of any

bydrazine vapors which may be present.

8. Packings and other seals which come into contact with the mixtures may be made of Teflon, Kel-F,

Polyethylene, Silicone Rubber, U. S. Rubber No. 20995, or Butyl rubber.

4. Thermodynamic -Performance Calculations

i The thermal decomposition of a mixture consisting of a moles of hydrazine, b moles of nitric acid, and

c moles of water may be represented by the following equations:

(a - b) NA + bN2 H5NO3 + cH20 - (3b + c) H20 + 1/3 (
4 a -5b) NF3 + 1/3 (a + 4b) N2 (5)

+ (26.72a + 82.52b - 10.57c) kcal

1/3 (4a - 5b) NH3 - 1/6 (4a - 5b) N2 + 1/2 (4a - 5b) H2 - 3.67 (4a - 5b) kcal (6)

These two equations can be combined to give the following expression, in which X represents the fraction

of the ammonia which has been dissociated:

aN2H4 + bHNO 3 + cH20 = (3b + c)H20 + 1/3(1 - X)(4a - 5b)NH3

+ l/a(4a - 5b)H 2 + 1/6[2,a(2 + 1) + b(8 - 5X)] N2  (7)

+ [26.72a + 82.52b - 10.57c - 3.67(4a - 5b)Xlkcal

Tc
Using Equation (7), the performance parameters Tc, C*, Mg? Isp, nal, nN, nH, nw, alTc , and Te have been

computed for several low-freezing mixtures of hydrazine, hydrazine nitrate, and water. The variation of these

parameters with X is shown in Tables III, IV, and V. The standard heat of formation of hydrazine nitrate

(109,000 Btu/lb mol) and the heats of solution of hydrazine nitrate in hydrazine and in mixtures of hydrazine

and water were taken from Reference 11. The freezing points of the mixtures were taken from the same source.

41 II. OPTIMUM 'PEFORMANCE OF HYDRAZINE

The efficient use of hydrazine in any application requires the completion of the reaction represented by

Equation (1), whereas the extent of the completion of the reaction represented by Equation (2), i.e., the

CONFID TIIAL Page 5
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value of X in Equation (3), which is required for the optimum performance of hydrazine in a given application,

is dependent on the nature of the application. When hydrazine is used as a monopropellant in a rocket motor,

it is desirable to operate at as low a chamber temperature as possible and, at the same time, to obtain near-

maximum laP. For this type of application, therefore, it is desirable to dissociate from 30 to 50% of the

ammonia (Cf. Fig. 1). When hydrazine is to be used as a source of energy for gas turbines, it Is generally

necessary, for mechanical reasons, to reduce the temperature of the gases to 18000F or less. For such appli-

caticns, therefore, it is usually necessary to dissociate at least 52% of the ammonia. For high-temperature

isobaric pressure-displacement systems, e.g., catapults, optimum performance is achieved when Tc/Mg is at a

maximum. For pure hydrazine this optimum performance is achieved when about 43% of the ammonia is dissociated.

In low-temperature isobaric pressure-displacement systems (i.e., systems in which the gas temperature must be

less than 1100F, as, e.g., in propellant-tank pressurizing systems in rockets), the maximum efficiency of

hydrazine as a gas generant is achieved when all the ammonia has been dissociated so that gases of minimum

molecular weight are produced.

IV. CHEMICAL EQUILIBRIUM AND KINETICS

Under adiabatic conditions, chemical equilibrium favors tle complete decomposition of hydrazine to the

elements (Cf. Ref. 9); however, the extent to which the reactions represented by Equations (1) and (2) can

be completed in a given reaction chamber is dependent on the rates of the reactions and the residence time 8.

provided by the reaction chamber, where 9c may be arbitrarily defined as follows:

Sc = (Pc/4a )(Mg/RT )Vc = (Pc/G)(Mg/Rc)Lc (8)

In a specific application, Pc and u are fixed by factors related to the particular application, whereas

the value of the ratio Mg/Tc required for optimum performance is determined by the use which is to be made of

the decomposition gases. As a result, the residence time generally can be varied only by varying the volume

of the reaction chamber.

In most practical systems, the volume of the reaction chamber must be limited in order to conserve weight

and space. Therefore, the practical attainment of the efficient use of hydrazine as a gas generant or as a

monopropellant requires that the reactions represented by Equations (1) and (2) proceed rapidly.

When the thermal decomposition of hydrazine is carried out adiabatically in the absence of catalysts, a

residence time of approximately 35 milliseconds is required to produce decomposition gases which are free of

'Eq. (8) is based on conditions at the outlet of the catalyst bed and on the total volume of the reaction
chamber or catalyst bed. However, there are wide variations in Tc, Mgt and to a lesser extent in Pc throughout
the reaction chamber; when a catalyst is used, the true gas volume is the volume of the chamber less the volume
occupied by the catalyst particles. As a result, Eq. (8) gives only an approximation of the true residence
time.
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detectable concentrations of hydrazine. With this residence time in reaction chambers similar to those shown

in Figures 4, 5, and 6, it was. found that approximately 29% of the ammonia was dissociated; i.e., X in Equation

(3) was about 0.29. It was also found that the extent of ammonia dissociation obtained in the absence of a

catalyst was virtually independent of pressure over the range studied (200 to 800 psia). Increasing the res-

idence time from 35 milliseconds to about 50 milliseconds had no measurable effect on the amount of ammonia

which was dissociated.

Based on the experimental value of X of 0.29 and its apparent independence of residence time, it has

been concluded that, although Equation (1) describes the primary decomposition of hydrazine at low temperatures

(about 400 to 500*F) in a closed system (Cf. Ref. 1), it does not apply to the adiabatic decomposition of

hydrazine in a steady-state flow system. It appears that a more correct expression for the primary decomposi-

tion of hydrazine in adiabatic flow systems is (Cf. Refs. 5, 6, and 7)

2 2H4
= 2NH3

+ N2 
+ H2  (9)

This equation is obtained when X in Equation (3) is 0.25. The expeZimentally measured value of X of 0.29 has

been attributed to wall-catalyzed dissociation of ammonia which accompanies the re ction represented by Equa-

tion (9).

Because of the large residence time required for the complete decomposition of hydrazine and because of

the extremely slow rate of dissociation of ammonia, it can be seen that the efficient use of hydrazine as a

monopropellant or gas generant in reaction chambers of moderate size requires the use of catalysts which in-

crease the rates of the primary hydrazine-decomposition and secondary ammonia-dissociation reactions.

V. CATALYST DEVELOPMENT

A. CATALYSTS FOR THE PRIMARY DECOMPOSITION OF HYMAZINE

Previous studies (Cf. Ref. 1) indicated that the thermal decomposition of hydrazine is a heterogeneous

reaction which apparently proceeds for the most part in the vapor phase. The rate o.' ecomposition re-

action was found to be markedly increased by a large variety of surfaces, the extent of the increase in the

rate of the reaction produced by a given surface being directly proportional to its area in contact with the

hydrauine. Among the materials which were tested, it was found that iron, nickel, and cobalt gave the high-

est specific surface activities.

Based on these studies, it was concluded that in order to be effective a catalyst would have to meet

the following criteria:

1. Have a high unit-surface activity.

2. Expose a large surface per unit volume in order to permit the development of a large surface

in a reaction chamber of moderate size.
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3. Have a high thermal conductivity so that the rate of the vaporization process could be increased

by the transfer of heat through the solid catalyst from the high-temperature regions to the low-

temperature inlet regions of the catalyst bed and thence to the incoming hydrazine.

4. Have a sufficiently high melting point to prevent fusion at all temperatures encountered in the

adiabatic decomposition of hydreazine.

5. Have sufficiently high mechanical strength to prevent powdering and packing during use.

In order to satisfy the last four criteria, it was found necessary to use a porous refractory material

as the catalyst support. For this purpose three forms of porous fused (inactive) aluminum-oxiie particles

were tested: (1) 3/16- by 3/16-inch cylinders, (2) 3- by 8-mesh polysurface granules, and (3) 1/4-inch spheres.

In order to produce high unit-surface activity, the aluminum oxide particles were impregnated with concentrated

aqueous solutions of the nitrates of iron, nickel, and cobalt, either separately or in various combinations.

After the saturated particles were dried in an oven at about 150 to 200C, they were tested in a reaction

chamber similar to that shown in Figure 5. Seventeen catalysts of this type were tested. Of these seven-

teen, the most satisfactory catalyst was found to be that which consisted of an equimolal concentration of

metallic iron, nickel, and cobalt on the alumina support, the reduced catalyst containing a total of approx-

imately 11 wt % free metals. Using this catalyst (Cf. Ref. 12), which has been designated type 11-7, it was

found possible to bring the reaction represented by Equation (1) to completion with a residence time of about

2 milliseconds. The performance of this catalyst is discussed in Section VIII.

B. CATALYSTS FOR THE DISSOCIATION C AMMONIA

Although the iron, cobalt, nickel, and fused alumina catalyst (type H-7) previously described is capable

of greatly accelerating the rate of the reaction represented by Equation (1), it is not particularly active in

the dissociation of ameonia. Therefore, this catalyst is not suitable for use in those applications where low

temperatures and/or low molecular weights and concentrations of mmonia are required (Cf. Section IX). Con-

sequently, an investigation of catalysts for the acceleration of the reaction represented by Equation (2) was

undertaken. This study was divided into two phases.

In the first phase, an attempt was made to develop a catalyst which would increase the rates of the re-

actions represented by Equations (1) an:d (2) to the some extent or would cause the decoposition of hydrazine

to nitrogen and hydrogen to occur directly, without the intermediate formation of ammonia. For this purpose,

more than seventy catalysts were tested. These catalysts, which were prepared in a number of different ways,

incorporated the oxides and other compounds of the following elements: aluminum, barium, calcium, cerium,

chromium, cobalt, copper, iron, magnesium, manganese, molybdenum, nickel, platinum, potassium, silver, sodium,

tungsten, and vanadium. These materials were supported on carriers of alumina, charcoal, filtrol, fuller's

earth, kieselguhri silicon carbide, and zirconium oxide. For the most part, these catalysts were inferior in

activity to the H-7 catalyst. With one exception, those catalysts which were superior in activity to the

1-7 catalyst had physical properties which made them unsuitable for use in monopropellant reaction chambers.

The catalyst which was found to be superior to the 1-7 catalyst in catalytic activity consisted of only
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a slight modification of the H-7 catalyst. This modification consisted of substitutin porous 1/8- by 1/8-

cylinders of compressed activated alumina for the fused aluminum-oxide support used with the H-7 catalyst.

The method of preparation of the catalyst and the concentration of the metals in the catalyst were identical

to those used with the H-7 catalyst (Cf- Ref. 12). However, the activity of this catalyst in the dissocia-

tion of oania was far greater than that of the H-7 catalyst (Cf. Section VIII-B). Although measurements

of the minimum residence time required over this catalyst for the complete decomposition of hydrazine have

not been made, it is believed that it would be equal to or slightly less than that required over H-7. The

physical strength of this catalyst, which has been designated type H-A-3, is somewhat inferior to that of

type H-7. However, a large number of tests have been made with this catalyst in which, with two exceptions,

V no difficulties were encountered with powdering or packing of the catalyst. In the two excepti ons noted,

the reaction chambers had been operated in such a manner that the pressure drop across the catalyst bed

exceeded 50 psi, which was sufficient to cause crushing of the particles and consequent plugging of the bed,

which in turn caused a rapid rise in pressure drop. The performance of the H-A-3 catalyst is discussed in

Section VIII.

In the second phase of this study, which was completed prior to the development of the HrA-3 catalyst,

an attempt was made to develop a catalyst which would be active in the dissociation of the ammonia formed

In the decomposition of hydrazine over the H-7 catalyst. For this purpose, many of the catalysts developed

in the first phase of this study were tested in series with the type H-7 catalyst. However, with the best

of the catalysts, H-A-3 excepted, only a slight increase in the mount of amonia which could be dissociated

in a given residence time was observed. Therefore, several industrial ammonia-synthesis catalysts were tested.

Of Lhese, the most satisfactory from the standpoint of activity and physical properties was Aero-catalyst,

type-FM, produced by the Chemical Construction Company. This catalyst consists of Fe 3 04 promoted and sta-

233Sbilized with K2O and At|20 3 and in supplied in the form of 3- by 6-mesh grains. Using this catalyst it was

possible to dissociate up to 75% of the ammonia with a residence time of approximately 21 milliseconds (an

additional residence time of about 10 millisec in H-7 catalyst was used to insure the completion of the re-

action represented by Eq. 1). The performance of this catalyst is discussed in Reference 13. Because of the

superior physical properties and equal activity of the H-A-3 catalyst, no further study of the performance

of FM catalyst has been made.

C. CATALYSTS WHICH CAUSE SPONTANEOUS IGNITI0N CF YMUZINE

An attempt was made to develop catalysts which would be? suffic .ently active to initiate the thermal de-

composition of hydrazine at room temperatures, thereby eliminating the need for a special ignition system.

For this purpose, eleven catalysts were prepared and tested. These catalysts consisted of alumina, silicon

carbide, or coconut-charcoal pellets impregnated and/or coated with one or sore of the following compounds:

cobaltic, ferric, mercuric, nickelous, and silver oxidesj ammonium, potassium, and sodium dichrcZates; potassium

and sodium permanganates; and potassium chloroplatinate. Of these catalysts, two were found which caused

spontaneous ignition of hydrazine. The first was a modification of the H-7 catalyst in which a concentrated
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solution of the metal nitrates saturated with ammonium dichromate was used to impregnate 3- by 8-mesh poly-

surface aluminum oxide granules. The granules were then dried at 250"F for 4 hours. When hydrazine was

brought into contact with this catalyst in a reaction chamber similar to that shown in Figure '5, ignition

occurred within 10 milliseconds after the introduction of hydrazine into the chamber. Twenty-three tests

were made with this catalyst in which smooth ignition and efficient performance were attained. However, in

tests made with catalyst which had been stored in airtight containers for several weeks, it was found that

the activity of the catalyst had declined to a point where over 50 milliseconds was required to initiate re-

action. As a result, when ignition occurred, the reaction was extremely violent because of the large accumu-

lation of hydrazine in the reaction chamber. On one occasion the reaction was so violent that the reaction

chamber was seriously damaged. Because of the evident deterioration of the activity of this catalyst with

time, further study was abandoned. The second spontaneously igniting catalyst consisted of metallic cobalt

deposited on coconut-charcoal pellets and promoted with potassium chloroplatinate. This catalyst was ex-

tremely reactive with hydrazine at room temperatures. However, its ignition properties were erratic and its

physical properties were not found suitable for prolonged use since the catalyst tended to pack in the catalyst

chamber, thereby causing excessive pressure loss. Neither of these two catalysts was found to be spontaneous

on re-use, although the platinum-cobalt catalyst could be regenerated by heating for several hours at about

150eF in air. When either catalyst was used, it was evident that the ignition properties resulted from an

oxidation reaction rather than from true catalysis.

On the basis of these studies and because of the simplicity and reliability of electrical and bipropellant

ignition systems (Cf. Section VI-B), further work on the development of spontaneously igniting catalysts was

abandoned.

VI. REACTION-CHAKME DESIGN AND OPERATION

A. REACTION-CHAMBER ASSEMBLY

The arrangement and dimensions of the principal parts of the reaction chambers used in this study are

shown schematically in Figures 4, 5, 6, 7, and 8. The ranges of hydrazine flow rates and pressures used in

the chambers are indicated in the Figures. The reaction chambers consisted of the following principal parts:

1. A stainless-steel (type- 347 or 304) injector containing jets for the injection of the hydrazine

and the introduction of the oxidizer required for ignition.

2. A stainless-steel reaction-chamber body.

3. A catalyst bed consisting of one or more types of catalyst.

4. A stainless-steel catalyst-retainer plate and a nickel-wire retainer screen.

5. An alundum liner. (Used only when the hydrazine contained large concentrations of hydrazint.

nitrate and low concentrations of water, e.g., with mixture No. 1).
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B. IGNITION

With the exception of the two spontaneous catalysts described in Section V-C, all catalyats developed in

this program required preheating in order to permit the initiation of monopropellant operation., With the H-7

and H-A-3 catalysts, it was necessary to preheat the catalyst beds to about 700OF in order to obtain smooth

and rapid ignition. Two methods of preheating catalyst beds have been developed: (1) an electrical ignition

system and (2) a bipropellant ignition system (Cf. Ref. 12).

1. Electrical Ignition System

In earlier studies (Cf. Refs. 9 and 12), electrical heaters either internally or externally located were

used to preheat reaction chambers. Metal-shielded comercial heaters similar to Calrod units were used for

this purpose. These heaters were of heavy and bulky construction. Because the heating elements in these

units were thermally as well as electrically insulated from the catalyst bed, an excessively large time (up

to 30 min.) was required to achieve ignition temperatures. In this study, the electrical heater was formed

*by inserting a coil of Nichrome-V wire directly into the catalyst bed, with the wire in direct contact with

the catalyst particles. When unused, i.e., when in an unreduced state, the catalysts served as electrical

insulators which prevented short-circuiting of the coils on each other or on the wall of the chamber. With

the H-A-3 catalyst, this method of ignition could be used with reduced catalyst since the particles did not

become electrical conductors after the catalyst had been reduced by hydrazine. However, using reduced H-7

catalyst, this method of ignition could not be used because when reduced with hydrazine this catalyst became

a conductor of electricity, thereby tending to short-circuit the coils of the heater.

Figure 9 shows a typical reaction chamber designed for use with an electrical ignition system. In addi-

tion to the normal components of a reaction chamber (Cf. Section V1-A), this chamber incorporated two 10-m

spark plugs for introducing electrical power, a 1 1/4-inch-diameter coil of 18-gage Nichrome-V wire, wound with

sevbn coils per inch of coil length, and a liner made of "Lava" Grade A, a thermal and electrical Insulat-

ing grade of natural magnesium-aluminm-silicate stone produced and sold by the American Lava Corporation.

With units similar to that shown in Figure 9, using the H-A-3 catalyst and a current of 15 amperes through

the coil of 18-gage wire, it was found possible with heating periods of less than 3 minutes to obtain smooth

and rapid ignition. A total of twenty-five tests, each test lasting for periods of at least 10 minutes, was

made using a single reaction chamber, heater coil, and liner. At the end of this period of testing, all

components of the reaction chamber were in good working condition.

The power input and heating time required for the attainment of ignition temperatures are dependent on

the volume and geometric arrangement of the catalyst bed. Based on data obtained in reaction chambers similar

to that shown in Figure 9, it appears that the minimum heat input required for proper ignition is about 30 Btu

per cubic inch of catalyst bed. The maximum rate of heat input is determined by the size of the heating wire

and its arrangement in the catalyst bed. With. a ratio of coil diameter to catalyst bed diameter of 0.7 and

with seven coils per inch of bed depth, it has been found possible to use amperages in the coil equal to about

80 % of the current capacity of the wire In air. At higher amperages the life of the coil was materially reduced,
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and, when amperages in excess of the air rating of the wire were used, the coils burned out in less than 3

minutes. .

Because of the power requirements and the time required for ignition, the electrical ignition system in

not suited for all applications of the onopropellant. The use of this method of ignition is recomended

only for small units or for those systems where it in not possible or desirable to provide the oxidizer

required with a bipropellant ignition system.

2. Bipropellant Ignition System

The principal parts of the bipropellant ignition system are shown schematically in Figure 10. The

system consisted of a dual-acting pneumatically actuated valve (a) which was used to control the admission

of both the oxidizer and the hydrazine into the reaction chamber, a pneumatically operated piston (b) used

to force the requisite quantity of oxidizer into the reaction chamber simultaneously with the hydrazine, and

the hydrazine (c) and oxidizer (d) jets. The oxidizer jets were designed to give a mixture ratio (Wox/W,)

of from 0.20 to 0.30 when a pressure equal to that in the hydrazine feed system was applied to the upstream

surface of the piston. The length of travel of the piston was adjusted to permit the injection of the

oxidizer for a period of about 0.5 second.

In this study, IFNA was used as the oxidizer. However, it should be possible to use any oxidizer which

spontaneously ignites with hydrazine (Cf. Ref. 2). Because of the extremely short ignition delay which is

obtained with RFNA and hydrazine, ignition occurred within 10 milliseconds after the opening of the propellant

control valve. The heat liberated by the combustion reaction between the RFNA and hydrazine was sufficient

to raise the temperature of the catalyst bed well above the minimum required for the initiation of monopro-

pellant operation. Figure 11 shows a typical oscillopraph record of the injection and chamber pressures

obtained during the ignition period.

When the hydrazine and RFNA feed systems were properly filled, simultaneous injection of the propellants

was insured by a positive linkag between the oxidizer and fuel pintles of the dual-acting control valve. The

hydrazine and RFNA jets were so located that reasonably complete mixture of the two propellants at the surface

of the catalyst bed was attained. Under these conditions of over-all mixture ratio and uniform mixing, the

temperatures which were obtained during the ignition period were well below the melting point of the catalyst

bed, and no damage to the catalyst was encountered.

The bipropellant starting technique has been found to be simple to use and extremely reliable. Over

1,500 successful tests have been made using this method of ignition. It is believed that this method of igni-

tion is suitable for nearly all potential applications of the hydrasine monopropellant, the exceptions being

those applications where from the standpoint of logistics it is undesirable to provide an oxidizer for the

ignition system.

The principal difficulties which ere encountered with the bipropellent ignition system resulted from

aData relative to the ratings of various gages of Nicbhrms-V wire may be obtained from catalogues prepared
by the Driver-Har"s Co., Harrison, N. J.
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the use of separate hydrazine and RFNA control valves. On several occasions the oxidizer valve failed to

open; hence hydrazine alone was injected into the chamber. With pure hydrazine, no difficulties were encoun-

tered when the oxidizer valve failed to operate. However, when this failure occurred using mixtures of hydra-

zine and hydrazine nitrate and the chamber was not promptly flushed with water, a detonation resulted within

30 seconds after the initial injection of the mixture into the chamber. a Although the flow of the mixture

into the chamber was shut off within 0.5 second after the initial injection, a sufficient quantity of the

mixture was present in the chamber to cause the destruction of the chamber and severe dsmage to the testI installation. The use of the dual-acting control valve eliminated this form of failure. The positive link-

age between the oxidizer and fuel-valve pintles prevented the opening of only one side of the valve. No

difficulties in sticking or other malfunctioning of the acid piston were encountered. The periodic replace-

ment of the O-ring seals in the piston and the filtering of the acid through a 200-mesh wire screen before

its introduction to the piston prevented leakage around the acid piston and plugging of the acid jets.

C. INJECTION AND FEED SYSTEM ARRANCEMENT

The performance of a hydrazine monopropellant reaction chamber is dependent to a large extent on the

arrangement of the hydrazine feed system and the manner in which the hydrazine is introduced into the chamber.

When the feed system is properly proportioned and the hydrazine is introduced as a highly atomized stream

which is uniformly distributed across the upstream surface of the catalyst bed, smooth and efficient per-
S formance is obtained (Cf. Fig. 12). When the feed system is improperly proportioned or the hydrazine atom-

ization and distribution is inadequate, large and rapid fluctuations in the chamber pressure occur, and/or
the performance of the catalyst is materially reduced (Cf. Section VIII).

1. Pressure Instability

a. Caused by improper inlection. Improper injection was the most frequent cause of the pressure In-

stability which was encountered on several occasions during this investigation. When the hydrazine was in-

adequately atomized, large and erratic fluctuations in the pressures in the reaction chambers were often

observed. Figure 13 shows the form of the pressure instability which resulted when the hydrazine was not

properly atomized. The same form of instability was obtained when the hydrazine stream was permitted to

impinge on the chamber wall upstream from the catalyst bed, thus permitting coalescense of the atomized

particles before they entered the catalyst bed. On several occasions, the pressure fluctuations were suffi-

ciently severe to cause the breakup of some of the catalyst particles. Because of this disintegration of the

catalyst, the resistance to the passage of the gases through the bed was markedly increased, and a large

pressure drop and consequent reduction in the pressure at the outlet of the catalyst bed resulted. In several

other tests in which poor distribution of the hydrazine across the upstream surface of the catalyst bed was

Explosive reaction may be prevented by flushing the catalyst bed with water. In the two explosions
encountered in this study, the water flush system failed to operate.
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provided, undecomposed hydrazine and excessive concentrations of ammonia were detected in the exhaust gases,

thus indicating channeling of the hydrazine and decomposition gases through the catalyst bed. In these tests

the pressure drop across the catalyst bed was much lower than normal.a

b. Caused by improper arrangement of feed system. On two occasions during this investigation, a large

and uniformly rapid fluctuation in the pressure in hydrazine reaction units was observed. This pressure in-

stability (Cf. Fig. 14), which persisted through a number of tests, could not be attributed to improper in-

jection. In both instances, the instability was found to be related to the arrangement of the hydrazine feed

system.

Under normal operating conditions, there is a slight (t 1 to 2 )variation in the pressure in a reaction

chamber. The frequency of this variation in chamber pressure is related to the dimensions of the reaction

chamber and the volume and arrangement of the catalyst bed. In the two installations wherein major pressure

instability was caused by the feed system, it was found that the vibrational period of the feed system

(determined from oscillograph records of the shock waves developed in the system when the control valve was

rapidly closed) was very nearly the same as that of the normal chamber-pressure fluctuation. Altering the

length of the feed system eliminated this form of instability. From these observations it has been concluded

that a complex coupling between the feed system and reaction chamber can occur, which causes reinforcement of

the normal variations in the chamber pressure. No information is available at this time to assist in pre-

dicting the proper arrangement of the feed system. It should be noted, however, that the use of a hydrazine-

injector pressure drop of 100 psi or 30% of the upstrem chmer pressure is generally sufficient to prevent

this form of instability. In those instances in which proper atcmization, distribution, and injector pressure

drop are used and a pressure instability still persists, it is then necessary by trial-and-error methods to

alter the length of the feed system until harmonic coupling between the feed system and reaction chamber no

longer occurs.

2. Injection Requirements for Bipropellant Ignition Systems

In order to avoid the occurrence of local overoxidation during the ignition period, it is necessary that

the oxidizer be uniformly mixed with hydrazine. Under these conditions, fusion of the catalyst bed is avoided.

Further, uniform heating of the catalyst bed during the ignition period permits the rapid attainment of equilib-

rium monopropellant operation. If improper mixing and distribution of the oxidizer is used, the catalyst bed

may be dmaged, and severe channeling of the hydrazine through the bed for the first 10 to 20 seconds of oper-

ation may result. In several tests made during this investigation, when improper acid injection was used,

the hydrazine-nonopropellent reaction stabilized out at a point several inches below the upstream surface of

the catalyst bed, and only part of the catalyst was effective in these tests. (The location of the hydrazine

decomposition reaction in the catalyst chamber was determined by the color of the outside of the reaction-chamber

att is believed that a large part of the scatter in the pressure-loss and catalyst-perfortce data was
caused by variations in the degree of atomisation and/or distribution of the hydrasine.

Page 14 CONFIDETIAL



CONFIDENTIAL Report No. 20-77

walls during operation. The unlined reaction chambers turned red from the heat of the reactionj and the upper

boundary of the red zone marked very closely the point at which the monopropellant reaction was occurring.)

3. Injector Arrangement

The following injector arrangements were used in this investigation!

i I. A single axially located full-cone spray jet for the injection of the hydrazine and a pair of

impinging jets for the introduction of the RFNA during ignition. (With this injector arrange-

ment it was necessary to adjust the position of the acid jets carefully to insure proper impinge-

ment and mixing with the hydrazine.)

2. A single axially located, full-cone spray jet for the injection of hydrazine and two full-cone

spray jets for the introduction of RFNA. (The acid jets were located in such a manner that the

finely atomized acid spray was uniformly distributed across the upstream surface of the catalyst

bed. When this arrangement was used, a large part of the mixing of the acid and hydrazine

occurred at the upstream surface of the catalyst bed. The advantage of this system relative to

that described in 1 was that repeated adjustment of the relative positions of the acid and

hydrazine sprays was not necessary.)

3. Four full-cone spray jets with their axes parallel to the axis of the chamber for the introduction

of the hydrazine, and an equal number of full-cone spray jets for the introdulction of the oxidizer.

Both the oxidizer and hydrazine spray jets were located to give uniform distribution across the

upstream surface of the catalyst bed. This arrangement was used in reaction chambers having

large diameters (Cf. Fig. 8).

VII. TEST EQUIPMENT AND OPERATING PROCEDURES

A. REATION-CHAMBER TEST INSTALLATION

Figure 15 is a flow diagram of the test installation used in this investigation. The hydrazine storage

tank (a) and flush tank (b) were pressurized with nitrogen. The hydrazine tank was equipped with an emergency

shutdown valve (c), which was used to stop the flow of hydrazine in the event of a failure in the hydrazine

feed system or in the operation of the dual-control valve (d). The RFNA required for ignition was supplied

by a piston (e) which was actuated by nitrogen supplied from the nitrogen flush line. Three hand valves,

(f), (g), and (h), were installed to permit refilling of the piston from the RFNA storage tank (Cf. Fig. 10).

A nitrogen flush valve (i) was connected to the RFNA injector lines between the dual-acting valve and the

reaction chamber 0),; a water flush valve (k) was similarly connected into the hydrazine injector lines.

The gases from the reaction chamber were cooled by means of a water-cooled tube-in-tube heat exchanger (1).

The cooled decomposition gases were discharged through a contoured nozzle (m). A throttling valve (n) was

used to vary the flow rate of hydrazine into the chamber.
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B. GAS-ANALYSIS APPARATUS

1. Continuous Gas Analysis

The method developed for the continuous analysis of hydrazine decomposition gases is based on the use of

two adjacent critical nozzles which continuously divide the flow of hydrazine decomposition gases into two

known fractions. The smaller of the two fractions is then passed through a dilute solution of sulfuric acid

for the purpose of removing the amonia formed in the reaction system. The ammonia-free gases, consisting

* of N2 and H2 saturated with water, are then dried over activated alumina and passed through an orifice meter.

From the stochiometry of the hydrazine decomposition reaction (Cf. Eq. 3) and by comparison of the ratio of

the mass flow into the analysis system through the critical nozzle with that leaving through the orifice

meter, it is possible to compute the fraction of amonia dissociated in tho reaction system.

The apparatus used for the continuous analysis of hydrazine decomposition gases is shown schematically

in Figure 16. The apparatu- consisted of a small critical-flow nozzle (a) which wcs located just upstream

from the main discharge nozzle (b). The gases which entered the sampling system through nozzle (a) passed

into a scrubber (c) which contained dilute sulfuric acid for the removal of amonia, hydrazine, water, and

any small quantity of soluble or condensible impurities which were present in the hydrazine feed. The gases

which left the scrubber passed into an entrainment separator (d), followed by a water-cooled dryer (e) which

contained activated alumina. The dry-gas stream leaving the dryer then passed through a back-pressure nozzle

(f) Into a calibrated gas-metering orifice (g). The purpose of nozzle (f) was to maintain a sufficiently high

pressure in the scrubber to prevent entrainment of dilute acid into the dryer and metering section. In order

to permit rapid response of the sapling system to changes in conditions in the reaction system, the free

volume in the sampling system upstream from nozzle (f) was maintained as small as possible, and the throat

area of nozzle (f) was about eighteen times larger than that of nozzle (a). The throat disameter of nozzle

(a) was about 0.050 inch.

Using this system of analysis, the values of X in Equations (3) and (7) were computed as follows: Because

nozzles (a) and (b) are adjacent to each other, gases of the same temperature and composition pass through both

nozzles; as a result, the flow of gases through the nozzles is directly proportional to the area of their

throats, and

-,. a (10)

where bs equals the flow rate of gases entering the sample system (lb/sec); a, the total flow rate of pro-

pellant into the reaction system (lb/sec), D., the throat diamter of nozzle (b)(in.); and Da, the throat

diameter of nozzle (a)(in.).

The flow rate of nitrogen and hydrogen through the metering orifice (g) is given by the following

equation:
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o"K /Po 0 Po0 Mo()

0,V RT°

where 6o is the flow rate of gem through the metering orifice (lb/sec); Ko, the orifice coefficient deter-

mined by calibration (in. ft 3/2/sec) (Ko is a function of P0 and A Po, but is independent of gSa composition

when To is low); A Po, the pressure drop across the orifice (psi); 0 , the average molecular weight of gases

passing through the orifice (lb/mol); R, the perfect gas constant, 10.73 (psi)(cu ft)/(lb/mol)(OR); To, the

temperature of gases entering the orifice (*R); and Po, the pressure upstream from the orifice (psia). Po was

measured by means of a differential strain gage installed with the low-pressure side of, the gage exposed to

atmospheric pressure. Atmospheric pressure was measured before each test.

From Equation (7)

4s 6(32.05a + 63.02b + 18.02c) (12)

k 6.06(4& - 5b)X + 28.02[2&(l + 0[) + ('8 -5b]

and

6.o6(4& - 5b)X + 28.02 [2s(1 + 2K) + (8 - 5K)b] (13)

3(4a - 5b)X + 2&(l+ 2C)X + (8 - 5X)b

Combining Equations (10), (11), (12), and (13) and solving the resulting quadratic for X yields the

following expression:

(a + 4b) 
2  32.05L + 63.02b + 18.02c2 P0  0 P

x'. b 0. 572/1 + 0.0753V Io - i.071 (14)(4a,. -5) I(a + 4b, TrO i002- I

Let Y equal the weight fraction of N2 H0 4 in the feed to the reaction system, and let Z equal the weight fraction

of 3103 in the feed to the reaction system; then

(- 1 + 2.0343 - (15)

(4a-5b) - - 1 0.6357 - (16)
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Defining,

A - I + 2.034 (17)
Y

B - 1 -0.63571 (18)

S.1K 2 [ + (?)2 ] 2~ F (19)P

Substituting these values into Equation (14) yields

- 0.1431 1 + 77.16 -)T 0.2681 (20)

It should be noted that when Z is 0, Equation (20) reduces fo

X - 0.1431 77. 6S - o.2681 (21)

It is assumed that all impurities in the hydrazine are condensed or dissolved out of the sample gas stream

in the scrubber.

Based on an analysis of the errors in the measurements of the parameters involved in Equation (14), it is

believed that the error in the values of X measured with this system does not exceed 5 1.

2. Intermittent Gas Analysis

Before the analysis system described in the proceeding section was developed, the values of X in Equations

(3) and (7) were determined by means of an analysis system similar to that which is shown schematically in

Figure 17. Using this system, a small quantity of gas wa withdrawn from the reaction system through a remotely

operated valve (a). The gas sample was then passed into a scrubber (b) which contained a dilute solution of

sulfuric acid for the renovftl of hydrazine, eaonia, and water. The scrubbed gases (nitrogen and hydrogen)

were then passed through a length of hypodermic tubing (used to reduce the pressure of the games) into a gas

collector (c) which was initially filled with water. The water which was displaced from the gas collector was

caught in a receiver (d) and weighed. From the weight of water displaced, the volume of nitrogen and hydrogen

which passed through the scrubber was computed. The volume of amonia which entered the scrubber was deter-

mined by weighing and analyzing the liquid in the scrubber. The ratio N o " the volume of amonia to the volume

of nitrogen and hydrogen in the gas sample was computed, and the value of X in Equations (3) or (7) was deter-

mined by using the following equation:

& (4 N) -b(5+ 4) (22)
X (4,5b)(l 257 (2
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The vlues of X obtained by means of this method of analysis showed large scatter, which was found to

result from random errors in the analytical procedure. These errors were introduced both through inaccuracies

involved in determining the end point of the titration of the dilate (less than 1 $ by wt) solutions of ammonia

from the scrubber and through transfer losses involved in draining the scrubber. These difficulties led to the

development of the continuous gas-analysis system described in the preceding section.

C. SUMMARY OF OPERATINO PROCEDURES

This section has been included to indicate the precautions which should be observed in the preparation

and operation of hydrazine-monopropellant reaction units.

1. Preparation of Reaction Chamber

a. Injector. The manner in which the hydrazine stream is introduced into a reaction chamber has a marked

effect on the stability of operation (Cf. Section VI-C-I) and the amount of catalyst which is required to de-

compose the hydrahine completely and to dissociate a given fraction of the aonia (Cf. Sections VIII-B and C).

In this report, the following procedure was observed: Before each test, the hydrazine and oxidizer Jets were

tested with water and adjusted to insure proper atomization, distribution, and mixing. The hydrazine jets were

then tested separately to determine the approximate distance from the injector to the point at which the hyra-

zine stream impinged on the chamber wall. This point of impingement was adjusted to conform with the location

of the upstream surface of the catalyst bed in the chamber.

b. Catalyst bed. The arrangement of the catalyst bed in a reaction chamber has a major effect on the

pressure drop across the bed (Cf. Section VIII) and on the effectiveness of a given volume of catalyst in the

decomposition of hydrazine and the dissociation of ammonia. In this report, an attempt was made to obtain

random dense arrangement of the particles in the bed (Cf. Section VIII). For this purpose, the catalyst was

added to the reaction chamber at such a rate that each successive layer of catalyst was permitted to fill the

cross-section of the chamber completely before the next layer was started. In order to detect IP-jor changes

in the packing of the bed, the weight of catalyst charged to the chamber was determined before each test.

When the weight of catalyst required to obtain a given level in the chamber was markedly different from that

determined in previous chargings, the catalyst was emptied from the chamber, and a new bed was formed. When

the reaction chamber was to be operated in any position other than with its axis vertical, a nickel screen

was placed across the upstream surface of the bed. This screen was held in place by stainless-steel wires

which were passed through the bed and fastened to the retainer plate.

2. Firing Procedure

When the reaction chamber was to be operated over a range of pressures in a particular test, the reaction

chamber was started at the highest pressure which would be encountered. In th.s manner, with constant feed

pressure, the pressure drops across the hydrazine and oxidizer Jets were at their msximmi values, and the

highest degree of atomization of the propellants was achieved during ignition. When the reaction chamber
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was shut down, a small stream of water was turned on the hydrazine injector line in order to prevent heating

and consequent decomposition of hydrazine in the feed system.

VIII. ENGINEERING DATA

The purpose of this Section is to present relationships based on experimental data which will permit

with accuracy suffici at for moot design purposes the prediction of the performance of hydrazine monopro-

pellant reaction chambers over a wide range of operating conditions.

A. CATALYTIC DECOMPOSITION OF HYDRAZINE

1. Factors Involved in Ideal Reaction Chambers

In order to describe the steps which are believed to be necessary in the catalytic decomposition of

hydrazine, an ideal reaction chamber is assumed in which the primary decomposition of hydrazine takes place

adiabatically in accordance with the reaction represented by Equation (9), - 2HN 3 + N2 + H2, and in

which no dissociation of ammonia occurs until all of the hydrazine is decomposed. In addition, it is assumed

that no back flow of hydrazine or decomposition gases occurs and that the flow rates, compositions, temper-

atures, and reaction rates are uniform across a given cross-section of the catalyst bed. Under these con-

ditions, the catalyst bed may be divided into three longitudinal sections. In the upstream section, zone

A, the hydrazine which enters the chamber as a highly atomized liquid at room temperature is evaporated. In

zone j, the undecomposed hydrazine vapor in the gases leaving zone A is completely decomposed. In the down-

stream section of the bed, zone Z the dissociation of amonia occurs.

a. Factors which influence the depth of zone A. In the absence of back flow, the heat necessary for

the evaporation of hydrazine in zone A must bo supplied by the following methods:

1. Conduction through the catalyst bed and chamber wall from zone B.

2. Radiation from zone B.

3. Decomposition of hydrazine in zone A.

Because of the low thermal conductivity of the bed, the small cross-sectional area of the chamber wall,

and the low temperatures involved, it is likely that only a small part of the heat is supplied to zone A by

methods 1 and 2. As a result, it has been concluded that the major portion of the heat necessary for the

evaporation of hydrazihe is supplied by decomposition in zone A.

If the heat transferred by-conduction and radiation is neglected and if the temperature of the stream

leaving zone A is assumed to be at the boiling point TB of hydrazine at the existing chamber pressure, the

following equation based on a heat balance may be written, where YA is the fraction of hydrazine decomposed

in zone A and where Hv and H are the respective enthalpies of hydrazine vapor and the products of the re-

action represented by Equation (9) at TB:
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E V ( 2 3 )
A 41,500 Btu/lb moi + ,- (23

Calculations based on Equation (23) show that YA increases with chamber pressure. At 500 psia, YA was estimated

to be 0.48.

The depth of zone h, Lk is given by the following equation, where pc is the density of the catalyst par-

ticles, FV is the fraction of voids in the bed, and rA is the rate of decomposition of hydrazine in zone A,

expressed in moles per pound of catalyst per second:

YA

G dyLA Pc7 -* rA- (24)

0

Before Equation (24) may be integrated, rA must be expressed in terms of Y.

If, as other studies indicate (Cf. Ref. 1), the decomposition of hydrazine is predominately a heteroge-

neous vapor-phase reaction, the over-all rate of decomposition of hydrazine rA may be limited by one or more

of the following steps:

1. The evaporation of hydrazine.

2. The mass transfer of hydrazine vapor to the catalyst surface.

3. The activated adsorption of hydrazine and the activated desorption of decomposition products

on the catalyst.

4. The chemical decomposition of hydrazine on the catalyst.

5. The mass transfer of the decomposition products from the catalyst to the stream.

6. The transfer of heat from the catalyst and decomposition products to the liquid hydrazine.

b. Factors which influence the depth of sIam . Using the same assumptions on which Equation (24) is

based, the depth of zone B is given by the following expression, where YB is the equilibrium fraction of

hydrazine decomposed under adiabatic conditions:

YB
a dy, (25)* I ~ ~Pc(l Fv)f -(5

The over-all rate of hydrazine decomposition rB in zone B may be limited by steps 2, 3, 4, and/or 5,

described in the preceding Section.

c. Minimt bed depth reguired for the comulete decomposition of hydrazine. The minium bed depth LO

required for the complete decomposition of hydrazine is obtained by combining Equations (24) and (25), as
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follows:

YA YB
L G dX+ ! (26)

= LA + P7(1 -FV)f f rA  6rB

0 Y

The values of rA and rB are determined by the slow step or steps in the two zones.

2. Factors Involved in Actual Reaction Chambers

The ideal conditions upon which the preceding discussion was based do not prevail in actual reaction

chambers. Because of asymmetries in the injection pattern, nonuniform packing of the bed, wall effects, and

heat losses, the flow rates, compositions, temperatures, and reaction rates vary widely across a given cross-

section of the bed. In addition, it is likely that some liquid-phase and homogeneous gas-phase decomposition

of hydrazine occurs and that some secondary dissociation of ammonia takes place in zones A and B. Consequently,

some overlapping of zones occurs; hence sharp boundaries cannot be defined and simple rate expressions cannot

be applied to those regions of the bed in which hydrazine is present.

In order to evaluate Equation (26), it would be necessary to perform tests under carefully controlled
S

laboratory conditions in which the reactions in zones A and B could be isolated and the rate-controlling

mechanism or mechanisms determined. However, because of the influence of other factors such as heat losses,

variations in injector performance, channeling of the fluid stream, and nonreproducible packing of the bed,

it is not likely that such information could be applied directly to hydrazine-monopropellant reaction chambers.

In an actual reaction chazber, the depth of zone b and, therefore, the value of LO, is determined to a

large extent by the manner in which the hydrazine is injected. If the hydrazine is injected as a highly atom-

ized stream which is uniformly distributed across the upstream surface of the catalyst bed, all of the catalyst

in the inlet regions of the bed should be effective in the decomposition of hydrazine. If, on the other hand,

the hydrazine enters the bed in the form of large droplets and/or is nonuniformly distributed, some of the

liquid penetrates deeply into the bed, bypassing part of the catalyst in certaln regions, thereby increasing

Lo . In this study, the variations of injector performance from test to test were sufficient to obscure the

effects of such parameters as Pc, (o, and Dc on Lo .

3. Experimental Evaluation of Catalysts

a. Estimation of the depth of type H-7 catalyst required for the complete decomposition of hydrazine.

For the reasons discussed in the preceding Section, and because of difficulties involved in the direct measure-

ment of Lo, it has not been found possible to obtain an analytical expression for LO in terms of the principal

design parameters. In the absence of such an expression it is necessary to specify certain limits of operation,

where experience has shown that satisfactory performance can be achieved.

In the course of this study, a large number of tests were made using type H-7 catalyst (I/4-in. spherical,

3/16- by 3/16-in. cylindrical, and 3- by 8-mesh polysurface particles) in reaction chambers having diameters
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of 1, 2, 3.5, 4.8, and 6 inches. These reaction chambers were operated over a wide range of mass-flow rates

(0.004 to 0.11 lb/in. 2 sec) and chamber pressures (150 to 850 psia). From these tests it was found that in

uninsulated chambers the most efficient performance was obtained at mass-flow rates in excess of 0.020

lb/in. 2see. At lower flow rates, in uninsulated reaction chambers, unstable operation was obtained, and

excessively long catalyst beds were required to insure sustained operation. This effect of low mass-flow

rates has been attributed to excessive heat losses and/or channeling in the catalyst beds. In general, it

has been found that efficient performance is favored by high mass-flow rates. For this reason it is desirable

to design reaction chambers to give as high mass-flow rates as possible. The upper limit of mass-flow rate

is determined by the maximum pressure drop (Cf. Section VIII-C) which can be safely withstood by the catalyst

bed.

In an earlier study (Cf. Ref. 12), the variation with bed depth Lc of characteristic velocity C* and

chamber temperature Tc was determined using concentrated hydrazine and 3/16- by 3/16-inch cylinders of H-7

catalyst in a 2-inch-diameter reaction chamber which was operated at a pressure of 300 psia with a hydrazine

2
mass-flow rate of about 0.1 lb/in. sec. It was found that C* and Tc increased with Lc up to a depth of about

2 inches, beyond which bed length these two parameters decreased as Lc was increased. The attainment of

maximum values of Tc and C* at a bed depth of 2 inches was attributed to complete decomposition of hydrazine

at that depth. The lower values of C* and Tc obtained with shorter beds was believed to result from incomplete

decomposition of hydrazine, whereas in beds longer than 2 inches the lower values of C* and Tc were attributed

to an increase in the extent of ammonia dissociation with bed depth. Accordingly, it was concluded that under

the conditions of these tests the minimum bed depth Lo required for the complete decomposition of hydrazine

was about 2 inches. This bed depth corresponded to a residence time 9c (Cf. Eq. 8) of about 2 milliseconds.

In this study, an attempt has been made to determine the influence of chamber pressure Pc, chamber

diameter D., and hydrazine mass-flow rate G on Lo . For this purpose, a series of tests was made using con-

centrated hydrazine (95 wt % or better) and 1/4-inch spheres of H-7 catalyst in reaction chambers similar to

those shown in Figures 5, 6, and 7. The three reaction chambers were operated at values of G/Pc which gave

residence times insufficient for the complete decomposition of hydrazine in the absence of a catalyat. The

values of G and the total residence times (Cf. Eq. 8) used were as follows:

Reaction-Chamber Diameter Hydrazine Mass-Flow Rate Total Residence Time

(in.) G [b(in.2/sec)] 8
e (sec)

2 (Cf. Fig. 5) 0.020<G<0.08 0.023

3 1/2 (Cf. Fig. 6) 0.030<G<0.12 0.021

4 7/8 (Cf. Fig. 7) 0. 027 <G < 0.10 0.025

Bed depths of 0, 1/2, 1, 1 1/2, a and 2 1/2 inches were tested in each chamber. Three tests were made

at each bed depth in each chamber. In each test, gas samples were taken at chamber pressures of 200, 400,

600, and 800 psia by means of the intermittent-gas-analysis apparatus described in Section VII-B-2. The acid

solution from the gas scrubber was analyzed for hydrazine, and the weight fraction of undecomposed hydrazine
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in the decomposition gases was computed. However, because of large error* involved in the analysis of the

extremely dilute solutions of hydrazine obtained from the scrubber, it was not found possible to determine

*the variation with bed depth of the weight fraction of undecomposed hydrazine in the decomposition gases.

Therefore, in order to obtain values of Lo, it was necessary to divide the tests into two groups: (i) those

in which undecomposed hydrazine was detected in the scrubber solution, and (2) those in which no hydrazine

or only extremely small traces of hydrazine could be detected. From the latter group of tests, the shortest

bed depths were taken am the minimum required for the complete decomposition of hydrazine. Based on these

data, the following empirical equation was derived, where av is the geometric surface area of the catalyst

particles per unlt volume of bed (in. 2 /in. 3 ):

40GLo =l + 8 x lo - (27)Pcav

Values of a v for 1/8- by 1/8-inch and 3/16- by 3/16-inch cylinders and for 1/4-inch spheres are shown

in Figure 18. Values of sv for particles of other shapes and sizes may be obtained from Reference 16.

With good atomization (injector pressure drop of at least 100 psi) and reasonably uniform cross-sectional

distribution of the injected hydrazine, reaction chambers designed in accordance with Equation (27) should

give smooth, efficient, and reproducible performance. In tests made in which the depth of the H-7 catalyst

was equal to that given by Equation (27), it was found that approximately 40 % of the amonia was dissociated

and that the decomposition gases contained only traces of hydrazine. For this reason, the values of Lo pre-

dicted by Equation (27) may be used to obtain optimum performance (Cf. Section III) of concentrated hydrazine

(95% by wt hydrazine or better) in rocket thrust chambers. Equation (.27) may also be used to predict the

minimum depth required for the complete decomposition of hydrazine in mixtures containing hydrazine nitrate

and water, in which the ratio of the weight fraction of hydrazine nitrate to that of water is greater than

1.7.

Z Larger bed depths than those predicted by Equation (27) are required with hydrazine which contains more

than 5 wt 5 water or with mixtures in which the ratio of the weight fraction of hydrazine nitrate to that of

water is less than 1.7 (Cf. Section VIII).

b. Estimation of the depth of type H-A-3 catalyst required for the comlete deccmosition of hydrazine.

No tests have been made to determine the values of Lo for H-A-3 catalyst. However, because of the activity

of this catalyst in the dissociation of mmonia and because of its similarity to H-7 catalyst, it is reasonable

to expect that the depth of bed required to decompose the hydrazine completely should be equal to or less

than that predicted by Equation (27).

The physical strength of the H-A-3 catalyst is somewhat inferior to that of the H-7 catalyst. Consequently,

in order to obtain satisfactory performance with this catalyst, it is necessary to limit the pressure drop across

the bed to considerably lower values (25 psi or less) than can be used with the H-7 catalyst (up to 50 psi).

In addition, the degree of pressure instability which can be withstood by this catalyst is considerably less
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than that which can be tolerated by the H-7 catalyst. For these reasons, it is recommended that the H-7

catalyst be used in those applications in which it is not necessary to dissociate more than 50 % of the

*ammonia and that the H-A-3 catalyst be used in other applications in which it in necessary or desirable to

dissociate a larger fraction of the amonia.

B. CATALYTIC DISSOCIATION OF AMMONIA

1. Factors Which Govern the Catalytic Dissociation of Ammonia

The rate of dissociation of ammonia over most iron catalysts is given by the following expression

(Cf. Ref. 14) where Ea is the apparent energy of activation over the particular catalyst:

d

rc 15 Pc(l - t)K F, en-E/RT (28)
H

2

It is assumed that this Equation is applicable to the catalysts developed in this study.

If adiabatic conditions are assumed, Tc may be substituted for T in Equation (28).

From the reaction represented by Equation (3),

-n 4l- x)Pc (29)

and 62 (30)

I0,2

Referring to Figure 1, it can be seen that Tc varies linearly with X ast my be represented by the

following equation:

Tc (OK) = 782 (2.11 - x) (31)

By substituting for PNH3 0 H2' and Tc in Equation (28) and solving for dL, the following expression is

obtained in integral form:

x
AL* (5 + 4X)d-e Xe an I dX

it LO ~ +x Xn d (32)
(1- Fv)Pc . (1 X)d

CaX
0
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where

X0 = fraction of ammonia dissociated at Lo;

6e
a= 4x ; and

96.15 x 4dpcKr

An empirical solution of Equation (32) is presented in the following section.

2. Experimental Evaluation of Catalysts

a. Dissociation of ammonia over type H-7 catalyst. In order to determine the influence of chamber

pressure and bed depth on the extent of ammonia dissociation over the H-7 catalyst, a series of tests was

made.

(1) Experimental procedure. In these tests, 1/4-inch spherical particles were used in a reaction

chamber similar to that shown in Figure 6. The arrangement of the test apparatus was similar to that shown

in Figure 15, and the decomposition gases were analyzed by the method described in Section VII-B-I. Bed

depths of 1, 1 3/4, 2 1/4, 2 1/2, 3 1/2, 4 1/2, 5 1/2, 6, and 7 inches were tested. A minimum of 5 tests

was made at each bed depth. In each test a new charge of catalyst was used, and the chamber pressure was

varied from about 200 to 800 psia in steps of approximately 50 psi. a Threv tests were also made without

catalyst in order to determine the extent of the ammonia dissociation in the empty chamber.

In these tests, the throat area of the discharge nozzle (m in Fig. 15) was maintained constant so

that the ratio G/Pc and therefore the total residence time in the reaction chamber would be virtually constant

at all chamber pressures and flow rates. The ratio of G/ c was 8.6 x 10 - 5 L2.3 % for all tests in the series.

The volume of the reaction system upstream from the heat exchanger was 92 cubic inches. Using a value of

Tc/!tgc 165"R mol/ilb the residence time was found to be 36 milliseconds (Cf. Eq. 8).

(2) Interpretation of data. The values of X obtained for each test at a given bed depth were

plotted against Fc on rectangular co-ordinate paper, and a smooth curve was drawn through each set of data.

From these curves the values of X at a particular chamber pressure were averaged. The average values of X

obtained in this manner were then plotted against Pc. Typical curves of X vs PC are shown in Figure 19.
From the Figure it can be seen that X changes with Ir at all bed depths. However, the mener In which

X varies with Pc changes progressively with bed depth. In the shorter beds, X increases uniformly with Fc"

In the intermediate bed depths, X approaches a limit as 17 increases. In the lorser beds, X falls off

steadily as the chamber pressure increases.

sApproximately 20 see of operation was used at each pressure to insure equilibrium conditions in the
chamber and in the gas-analysis system.
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The change in the shapes of the curves suggests the presence of two opposing effects of increasing chamber

pressure: (1) to increase XO and/or decrease Lo and (2) to alter the rate of dissociation of the ammonia.

For reasons which will be discussed in a subsequent section of this report, it has been concluded that Lo

rather than Xo varies with chamber pressure, the inverse variation of Lo with Fc being explained by changes in

the performance of the injector.

Equation (32) may be written as follows, where the quantity f(X) - f(Xo) represents the value of the

integral between XO and X:

Lc G [f(X) - f(Xo)] (33)
(1 Fv)Pcd e

If, as in these tests, i --F)- = K, a constant, Equation (33) may be written as follows:
(1 Fv)Yc

1l-d+e
Lc - KL-  fx) - f(xo  Pc (34)

or, solving for f(X),

f(X) = L" + f(Xo) (35)KpCl1-d+e

The exponent d-e in Equation (33) is generally less than unity for a-mnonia-dissociation catalysts which

contain iron (Cf. Ref. 14). Consequently, the pressure exponent l-d+e in Equations (34) and (35) should be

greater than 0, and, if the values of X. and LO were independent of pressure, f(X) and therefore X would

decrease at all viilues of Lc as Fc was increased. However, if, as is believed to be true in these tests,

Xo remained constant but Lo decreased as Fc was increased, the manner in which X varied with Vc would be

dependent on the value of Lc.

In the shorter beds, it appears that the term Lc - Lo increased more rapidly with pressure than the term

l-d+e
PCl  and X increased with pressure. In the intermediate bed depths at lower pressures, the increase in

l-d+e
Lc - Lo was greater than that of Pcl ; hence X increased with pressure. However, as the pressure was

increased, the change in Lc - Lo decreased relative to that of rcl'd+e until a pressure was reached by which

the two terms increased with Vc to the same extent, and X approached a limiting value. In the larger bed

l-d+e
depths, the change in LC - LO was less than that of -c at all pressures and X decreased uniformly as the

pressure was increased.

The hydrazine storage tank used in these tests could not be pressurized above 1000 pstg. As a result,

the pressure drop Wi across the injector was about 215 psi at a chamber pressure of 800 psia. This pressure
2 2

drop decreased with Fc (6 /Pc constant and wi proportional to 6 ); hence at a chamber pressure of 200 psia

Mi was only about 15 psi. Because of the low injector pressure drops, it was anticipated that the performance
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of the injector would be marginal at the lower chaber pressures. Accordingly, a series of water-flow tests

Was madea in which the cross-sectional distribution of water in the spray was determined at a distance from

the injector which corresponded to the normal position of the upstream surface of the catajyst bed in the

Chamber. These tests, which were made over a range of pressure drops from 20 to 250 psi, showed that the

distribution of water in the spray va not particularly influenced by flow rate. However, it was observed

that the size of the droplets in the spray increased markedly as the pressure drop was decreased. At a

pressure drop of 250 psi, the droplets were very small, and the spray had the appearance of a fine mist. At

a pressure drop of 20 psi, the droplets were quite large, and the spray was extremely coarse.

The degree of atomization of the injected hydrazine should have a major influence on the depth of pen-

etration of liquid hydrazine into the catalyst bed ancd therefore on Lo . For this reason and because of the

observed decrease in injector performance with flow rate, it has been concluded that changes in Lo rather

than in Xo vere responsible for the manner in which X varied with Irc (Cf. Section VIII-C-2).

Using smoothed data obtained from the curves of X vs Fc at constant bed depth, cross-plots of X vs Lc

at constant Fc and 6 were prepared as shown in Figure 20. From the Figure it can be seen that X increases

with L,, the rate of increase becoming suller as Lc increases. It should also be noted that X changes less

fwith Lc as 7c increases. Although the data are quite consistent at bed depths of 3 1/2 inches or greater,

there is considerable scatter in the points obtained with the shorter bed depths. This scatter in the data

for the short beds has been attributed to random changes in injector performance. Because of the low values

of X obtained with a bed depth of 1 inch, it has been concluded that this depth was less than La at all values

of chamber pressure studied.

It was pointed out in Section VIII-B that when bed depths equal to those given by Equation (27) were

used, approximately 40 % of the maonia and all but traces of the hydrazine were decomposed. Accordingly,

Xo in Equation (32) has been taken as 0.40, and Lo has been taken as the bed depth required to dissociate this

fraction of the mania.

From the curves in Figure 20 it can be seen that the bed depth Lo required to dissociate 40 $ of the

amonia decreases as P increases. This variation in Lo with Pc is shown in Figure 21. Curves of Lc vs Pc

at several values of X greater than 0.40 are also shown in the Figure.

Using the smoothed values of Lo and LX (Lc at a particular value of X), the quantity a% (equal to I. - LO)

was computed for several pressures. These values of a% were plotted against Pc on log-log paper as shown in

Figure 22. From the Figure it can be seen that the data may be represented by straight lines. In drawing

the lines shown in the Figure, a constant slope was used for all of the data. This slope was determined on

the basis of the best apparent fit for all of the data. The deviations of some of the points from these

lines resulted from inaccuracies involved in the determination of ar

Referring to Equation (32), it can be seen that the integral is a function only of X, which may be desig-

nated as CX . The following equation may be written, where AX is the bed depth beyond Lo required to dissociate

aunpublished data prepared by J. H. Rupe of this Laboratory.
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a fraction X of the ammonia:

(1- Fv)P d1 F a% (36)

0

.5-
In these tests, G - 8.6 x 1o Pc, and F. - 0.38. Substituting these values in Equation (36) and solving for

it_-d+e . -g 7.18 x 10(

Since Cx is a constant for given limits of X, log Ix should be linear with log FC, an was found in the

data from these tests. Using the equations represented by the lines in Figure 22, the pressure exponent e

was found to be 0.5. The values of Cx at the different values of X were also determined. Figure 23 shows

the variation of log Cx with log If, Xo being equal to 0. 4 0. From the Figure it can be seen that

a straight line my be used to represent the data. Using the equation represented by this line, the follow-

ing expression was obtained:

S X(38)

Substituting this expression for the integral in Equation (32),

1.21

Lc Lo - 66oo GQ x -*LkQJ (39)
(l-Fv)pc-5 1-

Using Equation (39) and smoothed values of LO from Figure 21, several values of X were computed for each

bed depth. These values are compared with the experimental data in Figure 19. From the Figure it can be seen

that Equation (39) gives a good approximation of the data. The differences between the calculated curves and

the arithmetic-man curves aay be attributed to errors in the determination of the pressure exponent g.

The values of Lo used in these tests are somewhat greater at chamber pressures below 600 psia than are

those predicted by Equation (27). The difference between the values is attributed to the fact that the atom-

ization of hydrazine in these tests at the lower pressures was less than that which was used in the tests

upon which Equation (27) is based.

In order to determine the values of all of the constants in Equation (32), extremely precise measurements

of the variation of X with both Vc and Lc would be required. For this reason and because of the scatter in

the data, no attempt has been made to evaluate the individual values of d, a, a and 0. For this purpose,

laboratory studies would be required. In order to determine the values of Ea and accurately, it would be
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necessary to study the rate of dissociation of the ammonia over the H-7 catalyst at several different temper-

atures. In any event, Equation (39) should be sufficiently accurate for most engineering purposes.

b. Dissociation of ammonia over type H-A-3 catalyst. Bed depths of 1, 1 1/2, 2 1/2, 3 1/2, 4 1/, 5 1/,

and 7 inches, using 1/8- by 1/8-inch cylinders of the H-A-3 catalyst were tested in the same manner as was de-

scribed in Section VIII-B-2-a. In these tests, the ratio of G/P was maintained constant at 5.1 x 10- 5 12/sec

±3.6 %. This low ratio of G/P'c was used in order to limit the pressure drop across the bed. A minimum of four

tests was made at each bed depth. In each test, a new charge of catalyst was used, and the chamber pressure

was varied from about 150 to 750 psia in steps of 50 psi.

Representative data obtained in these tests are shown in Figure 24. The curves shown in the Figure were

obtained by averaging the data, in the manner described in connection with the data obtained with the H-7

catalyst. Using smoothed data from these curves, plots of X vs Lc were prepared as shown in Figure 25. Only

the curves at 200, 500, and 700 psia are shown; however, these curves are representative of all of the data.

From the curves it can be seen that the influence on X of pressure is small relative to that of bed depth.

For this reason and because of uncertainty in the true value of Xo using this catalyst, no attempt has been

made to obtain a solution for Equation (32) as was done for the H-7 catalyst. a Instead, the data have been

correlated in terms of residence time. For simplicity and because the ratio RTC/Mg is virtually constant at

all values of X, an effective residence time 9e has been defined as follows:

Ge= c(l - F) (40)0

The variation of X with 8e for the H-A-3 catalyst is shown in Figure 26 for pressures of 200, 500, and

700 psia. The values of X used in the Figure are smoothed values obtained from the curves of X vs Ir, . The

values of X obtained with the H-7 catalyst at a pressure of 500 psia are also shown in the Figure. It should

be noted that the H-A-3 catalyst is much more active than the H-7 catalyst in the dissociation of sonia.

The following equation should be used to determine the depth of the H-A-3 catalyst required to dissociate

a given fraction of the ammonia:

" 1 -G (41)

The values of 8e in this equation should be taken from Figure 25. However, values of Lc less than those given

by Equation (27) should never be used.

aA study of the data shown in Fig. 26 indicates that with the H-A-3 catalyst the pressure exponent l-d+e
in Eq. (32) is equal to that obtained with the H-7 catalyst; i.e., l-d+e a 0.5.
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C. ESTIMATION OF PRESSURE DROP ACROSS CATALYST BEDS

1. Basic Factors

The flow of hydrazine-decomposition gases through a catalyst bed is accompanied by a loss in pressure.

This loss in pressure must be limited for two reasons: (1) in order to minimize the injection pressure and

therefore the weight of the feed system required for a given discharge pressure and (2) to prevent the develop-

ment of forces sufficient to cause crushing of the catalyst particles, thereby producing an increased pressure

loss and an unstable exhaust pressure.

The pressure losses associated with the passage of fluids through conduits of uniform cross-section are

correlated by means of the dimensionless Fanning equation:

2

The dimensionless friction factor f in Equation (42) is correlated as a function of the Reynolds number
14r G

%e, which is defined as - . The hydraulic radius rh is defined as the ratio of the wetted cross-sectional

area of a conduit to its wetted perimeter; hence for a circular pipe NRe becomes WLp

In order to utilize the Fanning equation for the correlation of pressure losses obtained in packed beds,

it must be modified to include terms both for the free cross-sectional area which is available for flow and

for the effective hydraulic radius of the path between the particles. The modifications of the Fanning

equation which are necessary before satisfactory correlation can be achieved are largely dependent on the

arrangement of the particles in the bed (Cf. Ref. 15). Because of the time required, hand-packed beds which

conform to a particular geometric arrangement are not practical. As a result, beds are generally formed by

pouring the particles into the chamber. If the particles are added to the chamber at such a rate that each

comes to rest before another falls on top of it, minimum bridging occurs, and a high bulk density results.

Beds formed in this manner are described as being in random dense arrangement. The opposite txtreme, re-

ferred to as random loose arrangement, is obtained when all of the particles are simultaneously dumped into

the chamber. In a random dense arrangement, the bulk density may be 25 % higher, and iuder the same conditions

of flow the pressure loss may be nearly three times greater than pressure losses obtained with a loose arrange-

ment (Cf. Ref. 15).

The over-all activity of a catalyst bed is influenced more by the weight of catalyst which is contained

than by the total volume occupied. As a result, it is generally more desirable from the standpoint of efficient

reactor design to utilize random dense arrangement of the catalyst particles. In this study (Cf. Section VII),

an attempt was made to approximate the random dense arrangement.

The following dimensionless equation was proposed (Cf. Ref. 15) for the correlation of the pressure losses

obtained in beds in random dense arrangement:
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2fdG2 aVLc

-P 1.7 (4.3)

The dimensionless friction factor fd was correlated by means of a modified Reynolds number Red, which in

defined as G . When fd is plotted aainst on log-log paper, a smooth curve of gradually changing slope
11av

is obtained which may be approximated by two straight lines, as follows (Cf. Ref. 15):

0.1I 0. [10 o ed 150]

fd - 1.23/NRea [ls50 < 30 ] (45)

The range of Reynolds numbers of practical interest in connection with the use of hydrazine am a monopro-

pellant is greater than that covered by Equations (14) and (15). Therefore, it was necessary to determine the

relationship between fd and Red over the range 300 < Ufed 4 3000.

If the depth of catalyst bed in which hydrazine is present as a liquid is neglected, it can be assumed that

the fluid flowing through the catalyst behaves as a perfect gas, and

PC M (6)

where Pc is defined as the arithmetic-mean pressure in the bed.

Substituting from Equation (16) in Equation (43) and cmbining constants,

=fdK' (e )( v L 17

The barred quantities in Equation (47) refer to average values in the bed. Over the range of values of X

encountered in this study (0.25 <X < 0.75), the maximum variation of Te/M is less than 5 %. For this reason,

an average value of 165 corresponding to an X value of 0.50 may be used for pure hydrazine. Ccbining this

value with K',

Pc "K" fd 1 (.8)
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. The viscosity of the gases produced by the adiabatic decomposition of pure hydrazine was calculated using the

* method outlined in Reference 15. The viscosity varied from 0.038 centipoise at a value of X of 0.25 to 0.029

centipoise at an X value of 0.75. In computing the values of NRed, an average viscosity of 0.033 centipoise

was used. With this value of v, using the dimensions shown in Table I,

NRed = 5.41 x 105 .G (49)

With fd - K.' .ed' substituting in Equation (48), and combining constants,

h -CK ( i)( ) f (50)
2

vF 7 (G) P.C

2. Experimental Determination

The pressure drop across the catalyst bed was measured in each of the tests described in the preceding

sections. Figures 27 and 28 show representative plots of e . &Pc ve b, for both the H-7 (1/4-in. spheres)

and the H-A-3 (1/8- by 1/8-in, cylinders) catalysts.

With the exception of the data obtained with 1-inch depths of catalyst, all of the data could be represented

by straight linesa It was also found that the scatter of the experimental points around the man curves increased

as the bed depth was decreased. This increase in scatter with decreasing bed depth is similar to that observed in

the measurement of X and has been attributed to the seme caues, nely, random variations in the packing of the bed

end in the performance of the injector. It is believed that the scatter caused by nonreproducible packing of the

bed is small relative to that caused by variations in injector performance.

It has been pointed out in Section VIII-B-2 that under the conditions of these tests (constant tank pres-

sure and constant G/Pc), the degree of atomization of the injected hydrazine decreased with decreasing flow rate.

The decrease in the atomization of the hydrazine is believed to have caused an increase in the depth of penetra-

tion of the liquid into the bed as the flow rate was decreased. This penetration of the liquid into the bed de-

creased the length of the path through which the decomposition gases had to pass, thereby reducing the pressure

* drop across the bed. Since the performance of the in.jector was not reproducible from test to test, the mean wetted

"Because of the scatter in the data, it was necessary to use trial and error methods in obtaining mean curves

which were representative of the data obtained with a particular bed depth and at the sane time consistent with
the data obtained at other bed depths. As a first appLrximation, straight lines which gave the best apparent fit
for the data were drawn. From these lines, values of Pc c at several values of 6 were determined. Using these
data, cross-plots of PcbPc vs Lc at constant 6 were prepared. Straight lines which gave the best apparent fit

for these data were then drawn, and the values of PcbFc at the different flow rates were determined for a par-
ticular bed depth. These data were then used to draw adjusted lines through the plots of PcbPc vs & * This
process was repeated several times until the best and most consistent fit of all the data was obtained. The lines
shown in the Figures were obtained in this manner.
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depth Lw also varied from test to test. In the longer beds, the percentage variation of the effective bed

depth Lc-L through which the decomposition gases had to travel was quite small; hence the scatter in the

data was also small. As Lc was decreased, the percentage variation of Lc-Lw, and consequently the scatter,

increased.

Figures 29 and 30 show the variation of PcaPc with Lc at constant flow rates. From the Figures it can

be seen that, when the lines through the data are extrapolated to zero Fc&Pc (i.e., to zero pressure drop),
t I

a positi ve intercept Lw is obtained. The value of Lw is indicative of the mean wetted depth. When log L

was plotted against 62, straight lines were obtained as shown in Figure 31. The equations for these lines

are as follows:

1.46 H-7 catalyst (51)

1 0 2.l0(w
2

Lw = 57 H-A-3 catalyst (52)
.2

105.70 .2

Since for a particular in.)ector, e02 is proportional to h&i, which governs the degree of atomization of

the hydrazine and therefore the depth of penetration of liquid hydrazine into the bed, it appears that APi
should be substituted for (2 in Equations (51) and (52). In the tests made with the H-7 catalyst, 4

20.0 x l0 4 a'i. In the tests made with the H-A-3 catalyst, d2 = 8.2 x 10"4 6Pi. Substitution of these

values in Equations (51) and (52) yields the following expressions:

~1.46o.46 i  H-7 catalyst (53)

10

1 1.53 H-A-3atalyst (54)

10 .0047t i

It is possible that the close agreement between these equations for the two catalysts is coincidental.

However, because of the observed variation of X and FcaPc with pressure, flow rate, and bed depth, and be-

cause of the observed decrease with 6Pi of the degree of atomization provided by both sizes of injector, it

appears reasonable that tWi rather than catalyst activity or particle size should be the prime variable which

governs I.

The influences of chamber diameter and type of injector on L have not been determined. However, it is
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likely that the constants in Equations (53) and (54), if not the form of the equations themselves, would be

markedly influenced by both chamber diameter and injector spray pattern. Further study of the influence of

these two variables on 1 is being considered.

In order to determine the Values of K and f in Equation (50), the slopes of the curves in Figures 29 and

30, i.e., PctPc/(Lc-L4), were plotted against & on log-log paper as shown in Figure 32. From the Figure it

can be seen that both sets of data are best represented by straight lines. The values of f and K obtained

from these lines, together with the range of Reynolds numbers (Cf. Eq. 50) covered with the two catalysts

are as follows:

f = -0.20 1.8 x 10 < < 12 x 10

K = 1260 100 < NRed < 650 H-A-3 catalyst

4 G 4
f - 0 56.8 x lo < 37 x 10"  H-7 catalystK = 3900 370 < NRed<

2 0

The different values of f and K obtained over the two ranges of Reynolds numbers indicate that log fd is

not linear with log Ned. For this reason, the slope of the curves of PcbPc vs & should have decreased slightly

as was increased. This curvature in the data could not be detected because of the scatter. In any event, the

error resulting from the use of straight lines to represent the data should not be large.. It is likely that part

of the inability to detect curvature in the plots of FcC8Pc vs w resulted from the assumption of constant values

of 4 and Tc/Mg. However, as was indicated in Section VIII-A-4 the variation in these two parameters over the

range of X values encountered was quite small.

After substituting the values of f and K in Equation (50), the following generally applicable expressions

are obtained:

1.-85 x 10-4<( < 3..l0 x 10-

100 < NRe < 600 Lpe= 1260 avC(55)

11.10 x 1o0 < M <55x 10o

6 00o < 3000 - 390 (56)
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No allowance for Lw has been made in Equations (55) and (56) because of uncertainty relative to the in-

fluence of chamber diameter and injector design on this parameter. However, if injector pressure drops of

100 psi or greater are used and if reasonably uniform cross-sectional distribution of the injected hydrazine

is provided, L, should be fairly ruall, and the errors resulting from Its omission in Equations (55) and (56)

should also be small. In any case, the omission of L in these equations should result in conservative values

of 6pc'

In order to prevent crushing of the catalyst particles, thereby producing excessive pressure losses and

an unstable exhaust pressure, it is necessary to design reaction chambers in such a way that Mc does not ex-

ceed certain limits which are determined by the physical properties of the catalyst. Based on the experience

gained in this study, it is reccimended that reaction chambers be designed to limit 16Pc to the following

maximum values:

46P max - 35 psi K-7 catalyst

1P max - 20 psi H-A-3 catalyst

When mixtures containing nitric acid and/or water are to be used, it is recoimended that the values of

opc given by Equations (55) and (56) be multiplied by the ratio (Tc/Mg)/1 6 5, where (Tc/Mg)M is the value of

this ratio for the particular mixture at X - 0.50 (Cf. Eq. 7).

D. EQUATI0S Fc PREDICTING THE PERFOMAJCE OF MONOPROPELIAnT-HYDRAZINE REACTION CHAMBDaS

The purpose of this section is to suarize the relationships which are reccmended for use in the

design of monopropellant hydraine reaction chaabers.

1. Conditions Required for the Attainment of Predicted Performance

In order to obtain reproducible performance which conforms with that predicted by the relationships

presented in this report, it is necessary in the design and operation of monopropellant-hydrazine reaction

chambers to observe the following criteria:

1. Catalyst beds should be formed in such a manner (Cf. Section VII-C-l-b) that random dense arrange-

ment of the catalyst particles is obtained.

2. Hydrazine should be injected into the reaction chamber as a highly atomized stream which is uniformly

distributed across the upstream surface of the catalyst bed; with solid cone injectors, an injector

pressure drop of at least 100 psi should be used.

3. The injector pressure drop, injection pattern, and feed-system arrangement should be such that

oscillations in chamber pressure do not exceed ±2% of the chamber pressure (Cf. Section VI-C).I. In the absence of hydrazine nitrate, the water concentration in the hydrauine feed should not exceed
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5. In mixtures of hydrazine nitrate and water with hydrazine, the ratio of the weight fraction of hydra-

zine nitrate to that of water should be at least 1.7.

26. Reaction chambers should be designed to give hydrazine mass-flow rates of at least 0.020 lb/in. sec.

In those cases where mass-flow rates below 0.020 lb/in? sec must be used, a ceramic liner or other

means of limiting heat losses should be incorporated in the reaction chamber.

7. Catalysts should be prepared in strict accordance with the directions given in Reference 12 and shouldIbe stores in sealed containers.
8. When a bipropellant ignition system is used, the ratio of the nitric acid flow rate to that of the

hydrazine should not exceed 0.30, and the propellants should be uniformly mixed so that local high

temperatures and damage to the catalyst are prevented.

In reaction chambers designed and operated in accordance with these criteria, it should be possible to

obtain ammonia dissociation within 10% and pressure drops within 20% of the values predicted by the relation-

ships presented in this report.

2. Equations for Type H-7 Catalyst

The minimum bed depth Lo of the H-7 catalyst required for the complete decomposition of hydrazine is

given by the following equation:

-+ 8 x l (27)
av7c

With bed depths equal to those given by Equation (27), #0% of the ammonia should be dissociated, and

optimum performance (Cf. Section III) of the monopropellant in rocket thrust chambers should be obtained.

The bed depth Lc required for the dissociation of a given fraction X of ammonia is given by the following

expression, which is obtained by combining Equations (27) and (39):

8 x104 G 66OG 'x -o.#o 1.21
Lc .+ -- + - (57)

%c (C -)1/~2\ 1 - X(1 -FM

Equation (57) is applicable over the range 0.#0 X Z 0.55. For higher values of X, the I-A-3

catalyst should be used.

The values of G in Equations (27) and (57) must be limited in order to prevent the developmant of exces-

sive pressure drop across the catalyst bed. When the H-7 catalyst is used, reaction chambers should be operated

in such a manner as to give pressure drops of less than 35 psi. For design purposes, it is recotmended that a

pressure drop OC of 25 psi be used in Equations (55) or (56) for estimating the maximum allowable hydrazine

mass-flow rate 0max. Using this value of Mc, Equations (55) and (56) may be written as follows:

CONFIDENrIAL Page 37



Report No. 20-77 CONFIDE1TAL

0.56

c = 0.1L14 ( 2 .; .85 x 11.1 x 10- rnsec (57)-
a v  L c

0.50

o.08 <11.1 x 10 <(-2<55.5 x 10 (58)

max 0 a L , ;aVi 0 lb (58)

Wherever possible, it is recommended that reaction chambers be designed to give hydrazine mass-flow rates

equal to those obtained from Equations (57) and (58). In this manner, the influences of heat losses and chan-

neling will be minimized.

3. Equations for Type H-A-3 Catalyst

Type H-A-3 catalyst. shuuld be used only in those applications in which it is necessary or desirable to dis-

sociate 50 % or more of the ammonia. The minimum bed depth of this catalyst should be computed from the follow-

ing equation:

0o- 8 x 10 G (27)

The bed depth Lc of the H-A-3 catalyst required to dissociate a fraction X of the ammonia should be computed

from the following equation, where 9e is the effective residence time shown in Figure 26:

LC (141)
L "c (l-Fv)

When the H-A-3 catalyst is used, reaction chambers should be so operated that the pressure drop across the

catalyst bed is less than 20 psi. For design purposes, a pressure drop of 15 psi should be used in Equations (55)

and (56) for estimating Gmax . With this value of 6Pc, Equations (55) and (56) may be written as follows:

0.556i 1.7
l0V PC -14 lb

=, 0.11 \12 ; 1.85 x 10- < 4 ll.lx 10 "  n.sec (59)

0.50

o o62 F IT 1. x (55. x l0- lbma, 06 a, Lc 1 a n.ec()
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It is recommended that reaction chambers be designed to give hydrazine flow rates equal to those indi-

cated by Equations (59) and (6o).

E. INFLUENCE CF ADDITIVES ON THE PERFORMANCE OF MONOPROPELLANT HYDRAZINE

A systematic investigation of additives and impurities in hydrazine has not been made. However, certain

observations have been made which are sumarized in the following paragraphs.

1. Water

The addition of up to 5 wt % water to hydrazine did not appear to have an appreciable influence on the

performance obtained in a particular reaction chamber. When this concentration of water was exceeded, however,

the amount of catalyst required for the complete decomposition of hydrazine was increased (Cf. Ref. 12), and

the amount of ammonia which could be dissociated with a given residence time over a particular catalyst was

decreased. This effect of higher concentrations of water has been attributed to the lowering of the tempera-

tures in the catalyst bed, thereby reducing the rates of reaction and increasing the residence time required

to accomplish the decomposition of a given amount of hydrazine or ammonia. The presence of water may also be

related to adsorption phenomena in which water preferentially occupies the active centers of the catalyst

surface, thereby reducing the effective surface available for the desired reactions.

2. Aniline

At the present time, the concentration of commercial hydrazine involves an azeotropic distillation which

utilizes aniline as the entraining agent. As a result, commercial hydrazine contains some (up to 3 wt %)
aniline. For this reason, tests were made to determine the influence of aniline on the performance of hydrazine-

monopropellant reaction chambers. Concentrations up to 10 wt ,% were tested. No detectable influence on the

stability or smoothness of the operation of the reaction chambers could be detected, and deposition of carbon

or other solid materials in the catalyst bed or heat exchanger was not observed. No measurements were made of

the influence of aniline concentration on the minimum residence time required for the complete decomposition of

hydrazine or the dissociation of a given fraction of ammonia. However, since the presence of aniline should re-

duce the temperatures at all points in the catalyst bed, some decrease in the rates of hydrazine and ammonia de-

composition should result. The influence of a given weight fraction of aniline should not be greater than that

of an equal weight of water. For this reason, no difficulties should be encountered in the operation of reaction

chambers which contain as much as 5 wt % wiiline.

3. Hydrazine Nitrate

*The addition of hydrazine nitrate to hydrazine raises the temperature at all points in the bed, and for this

reason the rate of decomposition of hydrazine is increased. in an earlier study (Cf. Ref. 12), it was found

that when hydrazine containing 20 wt $ nitric acid was decomposed over 3/16- by 3/16-inch cylinders of the H-7

catalyst, the minimum residence time required for the complete decomposition of hydrazine was approximately one-

half that required with pure hydrazine. In gas-analysis studies made with hydrazine which contained 5, 10, 15, and

20 wt % nitric acid, it was found that the value of X in Equation (7) was only slightly greater than that which was
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obtained (Cf. Eq. 3) with concentrated hydrszine. From these oboervations, it has been concluded that the

increase in temperature caused by the addition of nitric acid has only a small influence on the rate of dis-

sociation of ammonia. For thin reason, it is recommended that the values of X given by Equations (41) or

(57) for concentrated hydrazine be used in Equation (7) for estimating the performance of hydrazine--hydra-

zine nitrate mixtures.

When mixtures of hydrazine, hydrazine nitrate and water were used, it was found that effects equivalent to

those observed with water concentrations of more than 5 wt % in pure hydrazine were, obtained when the

weight fraction of hydrazine nitrate to that of the water was less than 1.7. From this observation and be-

cause of the fact that the increased temperatures obtained with the mixtures did not appreciably increase

the amount of ammonia disrociation which could be achieved with a given residence time, it has been concluded

that the presence of water tends to inhibit the activity of the catalyst in the dissociation of ammonia. The

effect of this reduction of catalyst activity is apparently offset by the higher temperatures obtained when

the ratio of the hydrazine nitrate concentration to that of the water is above 1.7. This inhibition of

* catalyst activity by water has been observed with ammonia synthesis catalysts (Cf. Ref. 13), where it was

found that water acted as a poison which when present in sufficient amounts materially reduced the activity

of the catalysts.

F. InLUENCE CF CPERATING TIME AND REPEATED USE ON CATALYST PERFOMANCE

In order to obtain an indication of the operational reliability of the H-7 and H-A-3 catalysts, a series

of tests was made using reaction chambers similar to those shown in Figures 4, 5, and 9. A single charge of

catalyst was used to make ten tests, each test lasting for a minimum of 10 minutes. From these tests it was

found that the pressure drop across the catalyst bed and the smoothness of operation were virtually uninflu-

enced by operating time or the number of ignition periods to which the catalyst was subjected. It was also

found that the fraction of ammonia which was dissociated in a particular test was independent of the operat-

ing time. However, it was found that, when bipropellant ignition was used, the amount of ammonia which could

be dissociated by a given charge of catalyst tended to decrease from test to test. The total decrease in the

mount of ammonia which could be dissociated after ten tests with the same charge of catalyst was approximately

10 %. This decrease in catalyst activity has been attributed to damage to the catalyst surface caused by the

bipropellant starting technique. However, the effect of repeated ignition does not appear sufficiently serious

to cause any difficulty in systems where a single charge of catalyst must be used several times. No appreciable

decrease in catalyst activity with repeated ignition was observed when an electrical ignition system was used.

Fran the results of these tests, it has been concluded that with proper ignition and suitable operating con-

ditions (good injection, reasonable pressure drop, and proper feed-system arrangement) a single charge of

either H-7 or H-A-3 catalyst can be used in a single firing for an indefinite period of time without signifi-

cant deterioration in the properties of the catalyst. It has also been concluded that a single charge of

either catalyst may be used in a large number of separate firings without marked decrease in activity.
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IX. XPLOSION HAZARD INVOLVED IN THE USE OF HYDRAZINE DECOMPOSITION GASES TO
PRESSURIZE THE CKIDIZM (RFNA) STORWE TANK OF THE CORPORAL FLIGHT VEHICLE

The propulsion cystem of the Corporal flight vehicle consists of the following principal parts: (1)

a tank for the storage of the fuel ( a mixtere of aniline, furfuryl alcohol, and hydrazine), (2) a tank

for the storage of the oxidizer (RFNA containing 12 wt % NO2 ), (3) a 20,00-pound thrust combustion

chamber, and (4) a high-pressure multicell storage tank which is used to supply compressed air for the

pressurization of the propellant tanks. In order to displace the propellants at the desired rate, it is

necessary to pressurize the propellant tanks to about 450 puia. For this purpose, nearly 26 cu ft (325 1b)

of air must be charged into the multicell storage tank at a pressure of about 2500 psi. The weight of the

air-storage tank when fully pressurized is approximately 950 pounds.

Because of' the large size and weight of the compressed-air pressurization system and because of the

large amount of ground-handling equipment (compressors, dryers, storage cylinders, etc.) required to

service the system in the field, this Laboratory proposed (Cf. Ref. 18) the use of a hydrazine mono-

propellant gas-generation system. In a preliminary design study, it was estimated that the total weight

of a hydrazine-monopropellant gas-generation system suitable for use in the Corporal flight vehicle would

weigh less than 250 pounds and would permit a weight saving of approximately 700 pounds. This weight

saving was reflected in greater range and/or payload capacity of the vehicle. Because of the possibility

of using a prepackaged system, it was also anticipated that the use of the gas-generation system would

materially simplify the servicing of the vehicle in the field. The full details of the development of

gas-generation systems for use in the Corporal vehicle will be discussed in a separate report.

In the course of the development of the hydrazine-monopropellant gas-generation system for use in

the Corporal missile, it was found that reliable-mechanical seals between the pressurizing gases, and the

propellants could not be developed for practical use. For this reason, it was necessary to bring the

pressurizing gases into direct contact with the propellants. Because of the presence of large mounts of

ammonia and hydrogen in the hydrazine deccmposition gases, an explosion hazard wa involved when these

games were used to pressurize tanks containing RFNA.

In order to evaluate the probability of explosion when hydrazine decomposition gases were brought

into contact with RFNA, a large number of laboratory-scale tests were made in which mixtures of mmonia

and hydrogen at various temperatures were used to pressurize rapidly small heated vessels (up to 165*F)

which contained FNIA (Cf. Refs. 19, 20, and 21). The effects of gas temperature, amonia concentration,

and pressurization rates were studied. From these tests it was found that the principal factors which

caused explosions were mia concentration and the presence of small mounts of organic substances,

such as transmitting oil in gages, etc. In the absence of organic materials and with amnia concentra-

tions of less then 5 Sol %, no explosions were encountered in over twenty tests in which RFMA (containing

12 wt $ NO2) at 120*F was rapidly pressurized (about 150 psi/sec) with hydrogen at a temperature of from

600 to 800F. When the concentration of amonia in the gases was increased bove 5 %, the frequency of

explosive reaction increased until, with about 20 mol % amonia present in the hydrogen, explosions
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were obtained in all of the tests made.

As originally developed, the hydrazine-monopropellant gas-generation system used the H-7 catalyst.

With this catalyst (Cf. Section VIII-B-2-a), it was not found practicable to dissociate more then about

55 * of the ammonia. As a result, the decomposition gases produced with this catalyst contained about

25 mol $ ammonia end could not be used for the pressurization of tanks which contained RFNA.

In an effort to decrease the concentration of ammonia in the hydrazine decomposition gases, a

number of different catalysts were prepared and tested (Cf. Section IV). In the course of this investi-

gation, the FM-type catalyst was discovered (Cf. Ref. 13). With this catalyst; using concentrated

hydrazine, it was found possible to dissociate up to 75 % of the ammonia. However, since the decom-

position gases produced with this catalyst contained over 12 mol % ammonia, it was necessary before

pressurization of RFNA tanks could be attempted to reduce the ammonia concentration to about 5 mol %

through the addition of hydrazine nitrate to the hydrazine. For this purpose, a mixture consisting of

20 wt % HNO 3 and 6 wt * water in hydrazine was developed. With this mixture, it was found possible,

using the FM catalyst, to produce gases which contained approximately 5 mol % ammonia. The reaction

chamber and arrangement of catalyst used to obtain this concentration of ammonia are shown in Figure

8. A residence time of about 10 milliseconds (Cf. Eq. 8) was used to insure complete decomposition of

the hydrazine. The residence time in the FM catalyst was about 20 milliseconds. In over fifty tests

made with this arrangement of catalysts, gas analyses (Cf. Section VII-B-2) showed that the maximum

concentration of ammonia in the decomposition gases was 7 mol %, Vhereas the average concentration in

all of the tests was less than 5.5 mol %.

In order to determine the probability of explosion involved in the pressurization of tanks containing

RFNA, a series of tests was made in which a number of small aluminum tanks containing RFNA at 165*F were

rapidly pressurized (150 psi/sec) with hydrazine decomposition gases at a temperature of about 800"F.

(The decomposition gases from the reaction chamber were cooled in a heat exchanger as shown in Fig.

15). Thirty tests of this type were made without the occurrence of an explosion or the indication of any

chemical reaction in the tanks.

Since the ullage and cross-sectional area of the tanks used in these tests was considerably smaller

than those which would be encountered in the oxidizer tank of the Corporal vehicle, additional tests were

made using 30-inch-diameter spheres which were filled in such a manner that the ullage and the area of the

acid surface in contact with the gases were equal to those in the tanks of the flight vehicle. In these

tests, the tinks were rapidly pressurized with hydrazine decomposition gases. In the course of these tests,

several explosions occurred which were subsequently attributed to the presence of aniline from the manu-

facturing process, in the hydrazine. No aniline was present when the small-scale pressurizing tests were

made.

Because of the hazards involved in the pressurization of the oxidizer tank of the Corporal vehicle

with hydrazine decomposition gases, the use of the monopropellant for this purpose was abandoned. At the
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present time, the hydrazine-monopropellant gas-generation system is being considered for possible use in

the pressurization of the fuel tank of the Corporal flight vehicle. A second gas-generation system,

using an oxidizer-rich RFNA-hydrazine gas generator, is being studied for possible use in the pressuriza-

tion of the oxidizer ts-k of the flight vehicle.

X. CONCLUSIONS

In the course of this investigation, over 2,000 successful tests of monopropellant-hydrazine reaction

chambers have been made. These tests were carried out using hydrazine or mixtures of hydrazine, hydrazine

nitrate, and water in reaction chambers having diameters of 1, 2, 3 1/2, 4 7/8, and 6 inches. Chamber

pressures from 100 to 800 psia and hydrazine feed rates from 0.004 to 0.11 lb/in.2 sec were used. Based

on these tests, it has been concluded that, using the operating procedures and design relationships outlined

in this report, hydrazine may be made to perform reliably and efficiently over a very wide range of condi-

tions. Further, with the two catalysts developed in this and an earlier study (Cf. Ref. 12), it should be

possible to achieve optimum or near-optimum performance of the monopropellant in all applications for which

it is thermochemically suited.

The primary limitation to the general use of concentrated hydrazine is its high freezing point (340F).

For most applications, this limitation may be circumvented by mechanical means (heated or insulated tanks in
small units) or through the use of additives such as hydrazine nitrate and/or water which lower the freezing

point. With presently developed catalysts, the fractional dissociation of amonia obtained with these mix-

tures is equivalent to that obtained with concentrated hydrazine, provided the ratio of the weight fraction

of hydrazine nitrate to that of the water is greater than about 1.7. The use of mixtures in which this ratio

is less. than 1.7 is not recommended because of the unstable operation which has been obtained with such mix-

tures. Since there is a limit to the amount of water which can be added to mixtures of hydrazine and hydrazine

nitrate, there is also a lower limit to the temperature of the decomposition gases which can be produced by

mixtures that freeze at or below a specified point. However, it is possible with presently developed catalysts

to use mixtures which freeze at -40OF or below and still obtain exhaust temperatures of about 1700F; e.g.,

a mixture consisting of 74 wt % N2H4, 16 wt % HNO 3 , and 10 wt % water (Cf. Table IV), which freezes at about

-40*F, may be decomposed over the H-A-3 catalyst to give gases at about 1700"F. Therefore, it is possible

from the standpoint of performance to use low-freezing mixtures of hydrazine, hydrazine nitrate, and water in

nearly all of the applications for which concentrated hydrazine is suited. The chief disadvantages of the

mixtures relative to concentrated hydrazine are their greater thermal sensitivity and the greater care which

must be exercised in their storage and handling. However, with suitable operating procedures and reasonable

safety precautions, no major, difficulties should be encountered in the use of these mixtures.

Based on the observed extent of the ammonia dissociation obtained when hydrazine was decomposed without

the use of a catalyst, it has been concluded that the initial decomposition of hydrazine in adiabatic flow
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systems is best represented by the following equation:

2N2H4 - 2NH3 + N2 + H2

At the present time it is not possible to establish definitely the rate-controlling mechanisms involved

in the primary decomposition of hydrazine. However, because of the influence of the degree of atomization

of hydrazine on the depth of penetration of liquid hydrazine into the bed, it would appear that the rates of

evaporation and heat transfer are extremely important in controlling the over-all rate of the decomposition

reaction. The fact that water when present in excess of 5 wt % materially increases the depth of bed required

to decompose the hydrazine completely may also be related to evaporation and heat-transfer phenomena. The

presence of water in the hydrazine has two effects: (1) It decreases the reaction temperature; hence the

temperature at the surface of the catalyst particles is lowered, thereby reducing the amount of heat which

can be transferred to the liquid stream in a given volume of catalyst. (2) It increases the heat required

to evaporate the feed. These two effects might easily explain the adverse influence of water on the operation

of hydrazine-monopropellant reaction chambers. The influence of nitric acid in the hydrazine may likewise be

explained in terms of heat-transfer and evaporation rates. The presence of nitric acid raises the temperature

of the catalyst surface, thereby increasing the rates of heat transfer. As a result the depth of bed required

for decomposition of the hydrazine is reiuced.
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TABLE I

NOMENCLATURE

A = Feed-composition factor, defined by Eq. (17).

a = Moles of hydrazine in mixture with b moles of HN0 3 and c moles of water.

av . Geometric surface area of catalyst particles in a unit volume of catalyst bed (in. 2 /in. 3 ).

B = Feed-composition factor, defined by Eq. (18).

b = Moles of nitric acid in mixture with a moles of hydrazine and c moles of water.

= Characteristic velocity (ft/sec).

Cx  Value of integral in Eq. (32) for the interval 0.40 to X.

c = Moles of water in mixture with a moles of hydrazine and b moles of water.

D - Diameter (in.).

Dc - Diameter of reaction chamber (in.).

Dm = Throat diameter of main discharge nozzle b in Fig. 16 (in.).

Dp - Nominal particle diameter (spheres or cylinders) (in.).

D= Throat diameter of sample nozzle a in Fig. 16 (in.).

d = Exponent in Eq. (28), constant for a particular catalyst.

Ea = Apparent energy of activation involved in the catalytic dissociation of ammonia (kcal/mol).

e - Exponent in Eq. (28), constant for a particular catalyst.

e N = Base of natural logarithms.

Fv . Porosity of catalyst beds.

14, f = Exponent or friction factor.

fd = Modified friction factor defined by Eq. (43).

G = Mass-flow rate of hydrazine per unit arcs of cross-sectional area of reaction chamber (lb/in. 2 sec).

g = Pressure exponent = d - e = constant for a particular catalyst.

g - Gravitational constant = 32.2 ft/sec.

H = Enthalpy of products of the reaction represented by Eq. (9) at TB (Btu/mol).

liv = Enthalpy of hydrazine vapor at TB (Btu/lb mol).

-Isp Specific impulse, Pc/Pe - 20.4 (sec).

K a Experimentally determined constant in Eq. (50).

Ko - Discharge coefficient of gas-metering orifice in gas-analysis system (g in Fig. 16).

. Proportionality constant in Eq. (28).

L - Depth of catalyst (in.).

LA - Depth of zone A (in.).

LB = Depth of zone B (in.).

Lc - Total depth of catalyst (in.).
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TABLE I (Cont'd)

Lo - Depth of catalyst required for complete decomposition of hydrazine (in.).

Lw = Depth of penetration of liquid hydrazine into the catalyst bed (in.),

=L w Apparent depth of penetration of liquid hydrazine into the bed (in,

= Depth of catalyst required to dissociate a fraction X of the ammonia (,in.).

Mg = Average molecular weight of decomposition gases (lb/mol).

M0 = Average molecular weight of gases leaving gas-analysis system (ib/mol).

NRe= Reynolds number = D

NRed = Modified Reynolds number =

Iav

N = nd(l - na).

na = Mol fraction of ammonia in decomposition gases.

nH = Mol fraction of hydrogen in decomposition gases.

nN = Mol fraction of nitrogen in decomposition gases.

n = Mol fraction of water in decomposition gases.w

Pc = Chamber pressure at exit of catalyst bed (psia).

PC = Average pressure in catalyst bed = PC + 1/2 A Pc (psia).

Pe = Exhaust pressure (psia).

Po = Pressure upstream from gas-metering orifice in gas-analysis system (psia).

pH2 Partial pressure of hydrogen (psia).2

pNH3 " Partial pressure of ammonia (pslia)

psi Cu ft 4.2 0 psi cu in.
R = Perfect gas constant = 10.73 to2.025 x 10o P imol OR

rA = Rate of decomposition of hydrazine in zone A (mol/lb see).

rB = Rate of decomposition of hydrazine in zone C (mol/lb see).

r= Rate of dissociation of ammonia (mol/lb sec).

rh = Hydraulic radius (in.).

S = Gas-analysis system factor, defined by Eq. (19).

T = Temperature (OK).

TB = Boiling point of hydrazine at PC (OR).

Tc = Adiabatic reaction temperature (OR or OF, as indicated).

T = Exhaust temperature (OR or OF, as indicated).e

Vc = Volume of catalyst bed in reaction chamber (cu in.).

X = Fraction of ammonia dissociated.

X0 = Fraction of ammonia dissociated at LO.

Y = Weight fraction of hydrazina in feed to reaction chamber.
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TABLE I (Cont'd)

YA = Fraction of hydrazine which must be decomposed in order to release heat required to evaporate
1 - YA moles of hydrazine at TB.

YB = Equilibrium fraction of hydrazine decomposed under adiabatic conditions.

y = Fraction of hydrazine decomposed.

Z = Weight fraction of nitric acid in feed to reaction chamber.

a = Constant.

= Constant.

Tc = Change in enthalpy involved in cooling decomposition gases from Tc to Te (Btu ib).

AX= Lx- Lo (in.).

& c = Pressure drop across catalyst bed (psi).

Apo = Pressure drop across gas-metering orifice in gas-analysis system (psi).

6Pi = Pressure drop across injector (psi).

ac = Residence time, defined by Eq. (
8 )(sec).

8e = Effective residence time, defined by Eq. (4o).

P = Density of decomposition gases (lb/cu ft).

pc = Density of catalyst particles (lb/cu in.).

w = Hydrazine feed rate (lb/sec).

co = Flow rate of gases leaving gas-analysis system (lb/sec).

(s = Flow rate of decomposition gases entering gas-analysis system (lb/sec).
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ONE FAIR OF
IMPINGING-JET
INJECTORS FOR NIH4  .*0035 TO 0.11 lb/sfe
INTRODUCTION Pa 150 TO 800 pslo
RFNA REQUIRED

ATOMIZING FULL-JET
INJECTOR

-COPPER GASKET

o 14-in. WALL

I- I& IDONFARF

INJECTORS FOR P4  . 00 TO 0.30 lbsec
RETANER LATERFNA REQUIRED

U ~~~~NICKEL RETANER FOR IGNITION AOIIGPL-E
SCREEN AOIIGFL-E

DECOMPOSITION GASES INJECTOR

* I TO HEAT EXCHANGER,
. GAS-ANALYSIS SYSTEM,

AND DISCHARGE NOZZLE

Figure 14. Reaction Chamber of I-Inch Diameter.

(TYPE 347 SS)

NICKEL RETAINER
SCREEN

RETAINER PLATE

DECOMPOSITION GASES
TO HEAT EXCHANGER,
SAMPLING SYSTEM, AND
EXHAUST NOZZLE

Figure 5. Reaction Chamber of 2-Inch Diameter
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RETAINER SCREEN
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Figure 7. Reaction Chamber of 4 7/8-Inch Diameter

DECOMPOSITION GASES
TO HEAT EXCHANGER,

GAS-ANALYSIS SYSTEM,
AND DISCHARGE NOZZLE

Figure 6. Reaction Chamber of 3 1/2-Inch Diameter
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HYDRAZINE INJECTORS
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LINER NN

(YE-7 in10PRESSURE TAP PRESSURE TAP

SEPARATOR

GASES TO, WT-COOLED HEAT
EXCHANGER AND TANKS CON-
TAINING RFNA

Figure 8. Reaction Chamber of 6-Inch Diameter, SURFACE OF
Showing Catalyst -Bed Arrangement Used CATALYST BED
to Generate Gases for Pressurization

of Tanks Containing RFNA I/S-In. THICK LINER

SCREENNICHROME X WIRE

DECOMPOSITION GASES TO TURBINE, ETC.

Figure 9. Reaction Chamber with Electrical Ignition System
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Figure 10. Bipropellant Ignition System

CHAMBER DIAMETER - 2 in.
TYPE H-7 CATALYST (3/16-in.-D cylinlders),
96.8 wt% NH.

TIME FROM FIRST RISE
IN CHAMBER PRESSURE

; TO FULL CHAMBER PRESSURE
S CHAMBER PRESSURE UPSTREAM
001 FRMTALYS4~

RFAINJECTION I TiP,

CHAMBER I _______________

P~RESSURE 512,kFAINJECTION
UPSTREAM P520' PRESSURE 560 i

FROM CATALYST

IGNITION4 TIME
.0.78 sec

NH4, INJECTION
PRESSURE .1SKO

(atmosphsnc)

Figure 1i. Typical Pressure Record Obtained During Ignition
Period Using Bipropellant Starting Technique
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AMPLITUDE
CHAMBER PRESSURE 0OF PRESSURE
jUPST7REAM FROM CATALYST BE2,- 7!0 psioa JOSCILLATION =7 psi

rCHAMBER PRESSURE DOWNSTREAM FRM
CATALYST BED -765 psia

CHAMBER DIAMETER 35 "'UPSTREAM FROM CATALYBED*75pa
TYPE H-7 CATALYST (1/4-'D sphere)iL
97.3 wt % N,H.

rIYDRAZINE INJECTION PRESSURE - 1000 psia MAXIMUM 'AMPLITUDE OF PRESSURE VARIATION 67 psi

PRESSURE AT DISCHARGE NOZZLE --745 sia

I ~~~~~~~~PRESSURE tIDIE INEORLNE5noRNM~w

PRESSURE IN OXIDIZER LINES I
r,(no RFNA flow),= CHAMBER PRESSURE UP3STREAM FROM CATALYST BEDSI I 1111

HYDRAZINE INJECTOR PRESSUIRE a850 psic

Figure 12. Typical Press'!re Record Obtained with Proper
Injection and Feed-System Arrangement

U1 111 S1

Figure 13. Pressure Instability Caused by Improper
Atomization and/or Nonuniform Cross-Sectional

Distribution of Injected Hydrazine

CHAMBER DIAMETER 2 in.
TYPE H1-7 CATALYST (3/16-in. D cylinders)
96.8 wt % N^H

CHAMBER PRESSURE
,UPSTREAM FROM CATALYST BED Q 45 psia

AMPLITUDE 0OF PRESSURE OSCILLATION * 2 s
rREQUENCY OF OSCILLATION 9155 cyc/sec

rNgH. INJECMV PRESURE - 615 psia

~"-RESUREIN OXIDIZER LINES
(no oxidizer flow)

I *CHAMBER PRESSURE UPSTREAM FROM
CATALYST BED II

Figure 14. Pressure Instability Caused by Harmonic
Coupling Between Reaction Chamber

and Hydrazine Feed System
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APPEDIC

Sample Calculations

The purpose of these calculations is to illustrate the use of the equations and Figures presented

in this report.

LMLE I.

It is desired to design a monopropellant gas generator which is to be used to drive a turbine-pump

combination in the propellant transfer system of a rocket vehicle. The characteristics and operating

requirements of the turbine are as follows:

brake horsepower = 350

efficiency - 35 %

inlet pressure to turbine nozzles Pc = 300 psia

exhaust pressure le  - 15 psia

maximum inlet-gas temperature, Tc = 1900'F

The gas generator is to utilize either of the following:

1. Concentrated hydrazine containing not more than 5 wt % impurities.

2. A Lixture of 74 wt % NH41, 16 wt % HNO and 10 wt % 20 (Cf. Table v).

A. Concentrated Hydrazine

In designing the reaction chamber, it is necessary to determine the chamber diameter Dc, bed depth L.,

type of catalyst (H-A-3 or H-7), and the maximum and minimum hydrazine-injection pressures.

The lower limit of ammonia dissociation permissible with pure hydrazine in this application is that which

will give a temperature Tc of 19000F. Accordingly (Cf. Fig. 1), it will be necessary to dissociate at least

45 % of the amonia. Since a deviation of 1 10 % from the values of X predicted by the equations presented
C-

in this report must be anticipated, it is necessary to design the reaction chamber in such a manner as to

dissociate 50 % of the ammonia, In such a reaction chamber, the values of X obtained should be between 0.45

and 0.55, and the temperature of the gases entering the nozzles of the turbine should therefore be between

1750 and 1900F.

In designing the reaction chamber, it must be anticipated that the purity of the hydrazine will vary

between 95 and 100 vt 5. Consequently, two extremes of perfornance of the monopropellant must be expected:

maximm performance (minimum flow rate of 211 4 required to develop 350 brake h obtained with pure hydrauine

at A - 0.45, and minimum performance (maximum flow rate of NA required to develop 350 brake hp) obtained

with hydrazine containing 5 wt % impurities at X - 0.55. The reaction chamber muat be designed to accommodate

the maxima hydrazine flow rate, whereas the hydrauine feed system must be designed to scomodate both the

maxism and minimum flow rates of hydrazine.

In computing the flow rates of hydrazine required to develop 350 brake hP, it is assumed that the
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efficiency of the turbine is constant and unaffected by variations in X or in hydrazine purity.

1. Umximm performance (pure N2H, X - 0.45). With pure N2H at X - 0.45, Te - 1900*F, and Pc/Pe 20.0,

the isentropiacexhaust temp, (Cf. Fig. 3) is 7850r. From Figure 2 at X - 0.45 and To 785,
- 1900 s 0Bt b. hemnm fortef

the isentropic conversion of enthalpy to kinetic energy, M785 is 740 Btu/lb. The minimm flow rate of

hydrazine required to develop 350 brake 4P will', as follows:

'42)35 (hP) (~ 1 1b) (0.707) (h~e)=095l/e

2. Minimm performance (95 wt % N2 1 , X - 0.55). It in asu d that a maximm of 5 wt % impurities in the

hydrazine will reduce T. to the same extent as 5 vt % water, but that these impurities will not change the

value of Cp, the average imobaric specific heat of the decomposition gases. As a result, ince Te -'Tc('l 0p

the exhaust temperature Te obtained with hydrazine containing 5 vt % water is given by the following expres-

"ion, where the primed values refer to pure N2H14 at X = 0.55 and where Tc - 1610*F is the adiabatic reaction

temperature obtained (Cf. Table II) at X - 0.55 with hy&2a.ne containing 5 wt % water:

T T
T a . - (655 46o) (161o + 46o) *85F

T (1750 + 1460)

igSince isi assumed to be unaffected by the presence of water, the value of MH8 for hydrazine contain-

" ing 5 wt % water will be as follows:

4-

AR 585 " 720 1750 -b55 674 Btu/lb

The maxim= flow rate of hydrazine required to develop 350 brake hp will be 350 x 0.707/0.35 x 674, or 1.05

lb/sac.

The hydrazine flow rate required to develop 350 brake hp with all normal variations in generator performance

(0.5 < X < 0.55) and hydrazine purity (95 to 100 vt %) will be in the range 0.955 to 1.05 lb/rn.

Since the reaction chamber is to be designed to dismociate only 50 % of the ammonia, the H-7 catalyst should

be used. This catalyst will be used in the form of i/4-inch-dismter spheres.

It is assumed that G/a, will be greater than 11.1 x 10 "4 lb/in. see. Consequently, Equation (58) may be used

in estimating Ga..- which will also be used as the designed mass-flow rate of bydru Lne in the reaction camber.

From Equation (58),
* 1/2

14m X 1 l.05 1 oo336 (61)
max ir.2u2 2

c C

Eqtation (58) is based on a pressure drop through the catalyst bed Pof 2 psi. Uig this value o

and assuming a pressure drop of 5 psi between the catalyst bed and the entrance 'o the nozzles of the turbine,

FC - 300 + 5 u 317.5 psia. Substituting this value of Fe in Uquation (61) and solving for Lc,
D c4F1.7 ( 2Le -1. 13T 1.
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From Equation (57), the depth Lc of the H-7 catalyst required to dissociate 50 % of the ammonia is as

follows:

L 1 + 8 x 10
4 x .336 660 x 1.336 0 o. 4 1.21

4 2
317.5 1785 (1-Fv )D C 1.0-0/317.5 D.85 O

1 4 336.7 + 70.6 (63)

av Dc (1-F) Dc

Combining Equations (62) and (63) and eliminating Lc,

1.137 D 2 (Dc2 F 1.7 - av) = 336.7 + 70.6a, (64)

A trial-and-error solution of Equation (64), using the values of a. and Fv given in Figure 18, gave

a value of Dc of 4.75 inches. Using this value of Dc in Equation (62), Lc was found to be 7.0 inches.

The values of av and Fv from Figure 18 at Dc = 4.75 inches were 15.6 in.2 /in. and 0.370, respectively.

The value of o/av is 38 x 10 4 lb/in. see, and the use of Equation (58) for the estimation of Gm was

justified.

In order to insure proper atomization of the injected hydrazine (a solid-cone injector is assumed)

and minimize oscillations in the chamber pressure, the injector pressure drop i must be 100 psi or

0.30 PCmax, whichever is the greater. If the nozzles of the turbine are designed to give a back

pressure of 300 psia with a maximum flow rate of hydrazine (1.05 lb/sec), the total throat area

of the nozzles will be as follows, where 4130 ft/sec (Cf. Table II) is the characteristic velocity

C obtained at X - 0.55 with hydrazine containing 5 wt % water:

A c=C _430 x 1 in.2N rJ - 300cX 32.2

With pure N2H4 at X = 0.55, C* (Cf. Fig. 1) is 4350 ft/sec. Therefore, with a nozzle throat area

of 0.449 in.2 and the minimum flow rate of N2H4 (0.955 lb/sec at X = 0.45 with pure N A), the pressure

at the entrance to the turbine nozzles will be 4350 x 0.955/32.2 x 0.449 or 287 psia.a

Equation (58) is based on a pressure drop across the catalyst bed of 25 psi. However, the maximum

variation of ,6c around the value used in Equation (58) will be t 20 $ or * 5 psi. As a result, the

maximum value of &c which must be anticipated is 30 psi. The maximum pressure upstream from the catalyst

bed Pc max will be 300 + 5 + 30 = 335 psia. If an injector pressure drop of 100 psia is used at the minimm

aThe minimum flow rate of 0.955 lb/sec represents a first approximation based on Pc/Pe = 20.0. Since
at the minimum hydrazine flow rate Pc/Pe will be somewhat less then 20.0, the mininui hydrazine flow rate
will be somewhat greater than 0.955 lb/sec. A trial-and-error solution for &min gives a value of 0.964
lb/sec, end PC mn = 290 psia.
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flow rate ( 4min = 0.955 lb/sec), the maximum injector pressure drop that is obtained at 4 = 1.05 lb/sec

2
will be 100 (1.05/0.955) = 121 psi. The maximum injection pressure will be 335 + 121 - 456 psi. The

minimum injection pressure (assuming that the pressure drop between the catalyst bed and. turbine nozzles

is proportional to w and that APC is 80 $ of that given by Eq. (56) will be (5 + 20) +

287 + 5 + 100 = 413 psia. The hydrazine feed system, in order to compensate for variations In X and in

hydrazine purity, must be capable of regulating the hydrazine injection pressure between 410 and 460 psia.

Additional regulation of the hydrazine injection pressure will be required if variations in the efficiency

of the turbine or pump occur.

B. Mixture of 74 wt % 294, 16wt $ HNo 3 , and lOt $ 0 o

This mixture might be used for this purpose in place of concentrated hydrazine because of its lower

(-380F) freezing point.

In order to insure a gas temperature of 1900F or less with this mixture, it will be necessary

(Cf. Table V) to design the reaction chamber in such a mumner an to dissociate 70 $ of the ammonia. The

values of X obtained with this reaction chamber should be in the range 0.63 < X < 0.77, and Tc should be

between 1750 and 19000F.

C. Minimum Performance (X = 0.77)
1. First Approximation. Assume Te - 8O*F. Then, by interpolation in Table V, aTe 59.9 + 2a x

(670.6 - 549.9) - 568 Btu/lb. Also, Ng - 13.88 + (14.99 - 13.88) - 15.55 lb/ol, and (aevg isobaric
at 56 55 R 1.0 io .

specific heat) x 15.55 9.3 Btu ool *)'' and Te . T c '( =- "=-210 = 705*F.
=1750 - 8 00 PC "

T

2. Second Approximation. Assume Te - 700*F. For the temperature interval 700 to 1750, Mc (interpolating

1.90 a AR T c with
in Table V)- 623.5 Btu/ib, - 9.24 Btu/ol OF, - 2210 7OF. The value of

this mixture at X = 0.77 and PC'pe . 20.0 is, therefore, 623.5 Btu/ib; hence i) = 1.133 lb/sec.
T

By the same method of calculatio,, e .c, and 4i at X - 0.63 were fcAmd to be 730"F, 669 Btu/lb,

and 1.056 lb/sec, respectively.

Since X is greater than 0.55, the E-A-3 catalyst must be used for this application. It is assumed that

this catalyst will be used in the form of 1/4-inch spheres.
.4 lb

Assuming a ratio of G/av greater than 11 X 10 in. sec , Equation (60) may be used to determine Gma x .

However, Equation (60) is based on a value of (Tc/mg) of 165 -l (the value of the ratio obtained with pure

N24 f at X = 0.50). Therefore, in order to compute G for the mixture, it is necessary to correct for the

value of T c/M which will be obtained with the mixture. It is assumed that the average value of Tog/M in the

bed will be equal to that obtained at X = 0.50. From Table V at X - 0.50, M - 15.63 lb/mol, Tc = 2490R,

and T/M - 159 ol The values of G given by Equation (60) should therefore be multiplied by the ratio

c/ g 91bR f x

159/165 = 0.965, as follows:

( 1.7. \0.5 _1.7 .o.5 (65)

Gmax 4 x 1.1 1. = 0.965 x .62 ...v 1 .7 I =c 0 o.61 Fv 1. V 1 '5( 5
D 

v a
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Equation (60) is based on pressure drop across the catalyst bed of 15 Psi. Us

and assuamng a pressure loss of 5 psi between the catalyst bed and turbine nozzles, P

Substituting this value of in Equation (65) and solving for Lc yields

0.536 F 1.7 D
Lc 536v c 

(67)
C a

v

In this mixture, the ratio of the hydrazine nitrate concentration to that of water is greater than

1.7. Consequently, Equation (41) may be used to estimate Lc . From Figure 26, it can be seen that at a

pressure of 312.5 psia an effective residence time 0 of 4.3 x 10 in. sec is required to dissociate

70 % of the amonia. Substituting this value in Equation (41),

ge G 4.3 x 10L x 1.4 198.6 (68)' " oC1F ' 312. (1-F- , "PC 1-F . Dc(1 F Dc 1-v)

Eliminating Lc' between toi.67) ond (68) and solving for DcI

Dc = 2.68  av 1/6 (69)

Fv  (1-F)

Using values of av and Fv from Figure 18, a trial-and-error solution of Equation (69) gave Dc = 6.1 in.,

av  15.6 -. 2 and Fv = 0.362. Substituting these values in Equation (68), Lc was found to be 8.5 inches.
in.

The Value of G/av is 25.7 x 10
" lb/in. sec.

The minimum injection pressure drop (io - 1.06 Ib/sec) is 394 psi&, and the maximm injection pressure

( = 1.133) is 4i1 pais.

A chamber of smaller diameter but greater length could be used if larger catalyst particles were sub-

stituted for the i/4-inch-diameter spheres. For example, with 3/8-inch-diameter spheres (values of av and

Fv obtained from Ref. 16), D. would be 5.75 incher, Yc would be 9.3 inches, av would be 10.5 in.2/in.
3, and

Fv would be 0.35.
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